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vipartition angles for the number of scattered photons, 





j - . 
: the number of secondary electrons, the energy of scattered photons, and the energy of the secondary ele 
i trons have been tabulated in terms of the incident photon energy from 10 kev to 10 Mev. (The bipartitior 
i angle for a quantity is the half-angle of the cone into which one-half of that quantity is scattered.) The 
} average scattered photon energy and the average Compton electron energy have also been computed 
H a*,° ; “ . : s £1 ‘ 

j In addition, a relation is given for the probability that the Compton electron energy will fall into the energy 
| interval (F,,E2 

; 





1, INTRODUCTION 

ANY applications of Compton scattering theory 

result in very complex formulations which re- 
quire numerical solutions. In some cases it is possible 
to assume that the recoiling electrons or photons will 
go in the direction of the bipartition angle for the 
number or energy of the recoiling particle and with the 
average energy of the particle. (The bipartition angle 
for a quantity which results from Compton events is 
the half-angle of the cone into which one-half of that 
quantity will be scattered.) The cone has its apex at 
the point of the event with axis along the incident 
photon direction, and opens in the direction of the 
incident photon. This in general simplifies the solutions 
to such problems considerably. These bipartition angles 
were calculated for application in cavity ion-chamber 
theory over the incident photon energy range from 
20 kev to 3.0 Mev. 

The bipartition angles for the number of photo- 
electrons, and curves from which some values for 
Compton-scattered photon bipartition angles can be 
estimated, are given by Davisson and Evans.’ Graphs 
from which bipartition angles for Compton scattering 
may be obtained by ‘counting squares”’ or dividing the 
area under distribution curves into two equal parts 
have been prepared by Nelms.? The bipartition angles 
in this report have been computed directly by inte- 
grating the differential formulas and making use of 
1. M. Davisson and R. D. Evans, Revs. Modern Phys. 24, 
79 (1952) 

*Ann T. Nelms, National Bureau of Standards Circular 542 
(U. S. Department of Commerce, Washington, D. C., 1953). 


available cross sections. The computations were carried 
out to the closest one-half degree or better. 


2. METHODS OF COMPUTATION 


The angles @ and @ that the scattered photon and 
electron respectively make with the incident photon 


direction are related by 
? 


cos) = 1— . (1) 
(1 +a)? tan*o+4 1 


where a=hyv/mce* is the incident photon energy in units 
of electron rest masses, ky being the photon energy. 

The bipartition angle @ for the number of scattered 
photons is obtained through the relation 


of =F OC, (2) 


where ,o is the total Klein-Nishina cross section, and 
a is the cross section for scattering between the angles 
0 and @. 

The bipartition angle, 6, may be obtained by inte 
grating the Klein-Nishina differential cross section be 
tween the limits zero and an angle which will give just 
one-half of the total cross section. Integrating the 
Klein-Nishina differential cross section between 0 and 
an arbitrary upper limit 6 gives’ 
o'= mre {ht $+ 10a+&ea?+a? 

— (4+ 16a+ 16a*+ 2a*) cos# 
+- (6a+ 10a*?+ a") cos"? — 2a’ « 0s" | 
X [ 2a | 1+a—a cos6)* } 


+-a~*(a?— 2a— 2) In(1+a—a cos6)}, (3) 
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TABLE I Values of bipartition angle for number of photons 6. 
bipartition angle for the energy of the photogs scattered, 6’; bi 
partition angle for the number of electrons, @; bipartition angle 
for the electron energy, ¢’ d photon energy, E,,, 


, average scattere 
and average electron energy, E. 


ne p Eu e EK 
Me ley § Mev leg leg Me 
0.12™ 


OA 


26 & 


0.0099 
0.0194 
0.0374 
0.0460 40 xX 
0.054 56 & 
0.071 94 
0.086 0.014 
0.123 0.027 
0.156 0.044 
Q.O81 
0.124 
0.221 
0.326 
044 
0.74 
O06 


5 
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0.010 
0.020 
0.040 
0.050 
0.060 
0.080 
0.100 
0.150 
0.200 
0.300 
0.400 7 0 
0.600 0 
0.800 0 
1.00 3; 0 
1.50 $2 0 
2.00 

3.00 

4.00 

5.00 3 
6.00 7 

5.00 

10.00 


nm 
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where ro=e/mc is the classical electron radius. The 
were equated and 


of @ are given in 


right hand sides of Eqs. (2) and (3 
numerically solved for 6. The values 
lable I and Fig. 1, as a function of incident photon 
energy 

The bipartition angle for the number of electrons 
scattered is obtained as follows. Let P(@) be the proba- 
solid that an electron will be 


bility unit 


per 
scattered in the direction ¢, then the probability that 
an angle into 


angie 


an electron will be scattered through 
the solid angle dw’(@) is 


da Q)= P v0) das’ Qo 4) 


The probability that an electron will be scattered into 
to the probability, 


be scattered 


the solid angle dw'(d) is equal 


K (8)dw(@), 


angle @ into the solid angle dw(@), 


that a photon will through an 


hence 
d.a(¢ K 6)\dwlA . 


where @ and 6 are related by Eq. (1). This equation 
may be evaluated by changing the variable from @ to ¢ 
either before or after integration. Integration gives 

92 

91 6; 
If the right-hand side is evaluated between 0 and @, it 
becomes Eq. (3), and corresponding to 0 and @ we have 
on the left-hand side x/2 and ¢, which we write as 

=o". 
Setting this equal to half the total cross section gives 
the bipartition angles for the number of photons 
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scattered, Eq. (2), and the bipartition angle ¢ for the 
number of electrons scattered, that is 

(6) 
where 


6=cos 


Wy {— 


(1+a)? tan’*6+1 


The values of ¢ are given in Table I and Fig. 1, as a 
function of incident photon energy. 
The bipartition angle 6 for the photon energy 
scattered is obtained from the relation 
oa =}(.0—.0,), (7) 
where .c,” is the cross section for the photon energy 
scattered between 0 and 6’, and ,o, is the cross section 
for the energy absorbed by the electron. The cross 
section for the photon energy scattered between zero 
and @ is given by the relation! 


of=rre{a* In(1+a—a cos6) 
—[6a*(1+a—a cosé)*}" 
X [6+ 15a+ 3a?— 12a*— 8a‘ 
— (6+ 30a+- 2707? — 18a’ — 24a*) cosd 
+ (15a+33a*— 24a‘) cos’? 
— (9a?+-6a'— 8a‘) cos#]}. (8 


Values for the right-hand side of Eq. (7) were calcu- 
lated from the data of White.* These values were 
substituted into the left hand side of Eq. (8) which was 
then solved numerically for 6’. The values of 6’ are 
given in Table I and Fig. 1, as a function of incident 
photon energy. 

The electron energy scattered into the solid angle 
dw'(@) is the probability that an electron will be 
scattered into dw'(@) multiplied by the energy that an 
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BiIPARTITION ANGLE GREES) 

Fic. 1. Bipartition angles 2s incident photon energy for Compton 
scattering. Bipartition angles 0, 0, d, and @’ are for the number 
of scattered photons, scattered photon energy, number of scattered 
electrons, and scattered electron energy respectively 

*The cross sections by G. R. White, National Bureau of 
Standards Report 1003, 1952 (unpublished) were used throughout 
these computations 








COMPTON 
electron scattered in the direction @ will have, i.e., 


dE.\(¢) = Fedo (¢) 


1 
= ok - |e (0)dw(8), (9) 
1+a(1—cos#) 


but the right-hand side of Eq. (9) is 
hold .c (0)—d .a,(8) |, 


which upon integration gives 


lo 65 
ff dtr onl) =hv[.o(0)—.0,(8)}) . 


$1 6; 
Evaluating this expression between 6= (0,8) and 
o= (x/2, ) gives 
hv .04¢=hv[_.o’— 0," |. (10) 


The bipartition angle for the electron energy scattered 
is obtained by setting Eq. (10) equal to one-half of the 
total energy absorbed by the electrons and solving 
for 6. 

(11) 


Equation (11) may be solved either by changing 
variables from @ to ¢’ through Eq. (1), and then solving 
numerically for ¢’, or it may be solved numerically for 8 
and this value of @ substituted into Eq. (1) to give ¢’. 
In terms of @, Eq. (11) becomes 
mre?{{ 18+ 57a+ 5707+ 15a*— 5a4 

— (18+ 102a+ 153a°+ 60a? — 15a‘) cosé 

+ (45a+ 129+ 81a?— 15a‘) cos’# 

— (33a?+42a'— 5a‘) cos*#+ 6a’ cos? ] 

X [607 (1+-a—a cosé 


+[(e—2a—3 a’ | In(1+a—a cos6)} = 04 Zz. (32) 


The values for a, given in reference 3 were employed 
in Eq. (12) to compute ¢’. The values of ¢’ are given in 
Table I and Fig. 1, as a function of incident photon 
energy. 

The energy distribution as a function of the number 
of Compton electrons is given in the appendix of 
reference 1 as 


da 2rk(8) 1+a)*—a’ cos*® 
Us) 


dE. (1+a)*—a(2+a) cos*@ 


ahv 


This expression can be integrated between two arbitrary 
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PARTICLE ENERGY (MEV) 


Fic. 2. Average energy FE, of scattered photons and average 
energy Ew, of scattered electrons vs incident photon energy tor 
Compton scattering 


limits (£,E2) to give the probability P(4),Z£2) that an 
electron will be scattered into the energy interval 
(£1,E2). This integration yields 


arya * (hy)? 


P(E,,E2) 


(hy)* 
x| —hy(2a+1)(hy— E)—a®(hv— E)?/2 


hy- E 


ky 
+ (hv)?(2+-2a -a*)In(i— 2 | , (14) 
“1 


where E, < E2< Jahv/(1+2a)=the maximum energy a 
Compton scattered electron can assume. The bipartition 
energy E’ may be computed by placing £,=0 and 
E,=E’ in Eq. (14) and setting this expression equal 
to 04/2. 

It can be shown that the average energy, Ew, of 
scattered electrons is given by 

E. =hy(,0,/ 0) (15) 

consequently, the average scattered photon energy 
| Oa is 


E. h = hv(1 


(16) 


“¢Fa/ ¢F). 


Table I and Fig. 2 
scattered photon energy E,,, and the average scattered 
electron energy E,,. 

The value of 75 was taken as 2.8175X10~" cm, and 
the rest energy of the electron was taken as mc?=(0).5110 
Mev throughout the calculations in this paper. 


give the values of the average 
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lhe effect of surface finish has been studied | ymparing transport rates measured on four metal beakers 

aluminu nickel, stainless steel, and nickel-silver), before and after they had been “‘superfinished.” 

Deliberately roughened surfaces were employed in similar contro! experiments on glass. Measured values 

weaker microfinish are reported for comparison with flow rates. The data obtained with these specimens 

4 th a micke ner wall was broached to provide, in effect, a capillary covered 

are r te wit that transport rates adjust tothe; revailing mic roscopic perimeter 

t require the a h of anomalous flow in surface cracks. A scheme for estimating the 

ference between macro- and micro-perimeter is proposed, and the flow data are found to be consistent 

with its pre tions. These include the result that a large increase in surface roughness may not imply a 
ver urge change in the microscopic perimeter “‘seen by the film.” 


. / ‘HE present study is concerned with the clarifica depth being 1.530 in. By using a core with three 
tion of the answer to the question: How do ilibrated regions (instead of the four shown in Fig. 2 


measured transport rates vary with the surface finish of I),' with only two corresponding to liquid levels in 


of the substrate? Since the background of the problem the broached region, it was possible to compare flow 


r 

has already been discussed in a previous paper,' rates obtained when the bottom of these narrow 
further introduction is omitted here channels was above and below the liquid level in the 
beaker. In order to free the measurements from any 


EXPERIMENTAL RESULTS? rae . ‘ he Beatle od , 
y associated with a possible height dependence 


ambigui 


to be descri 


bed in paper III), a brief prebroaching 


rhe first results of interest were obtained from 


preliminary investigation of the effect of svstematic Control experiment (run 13) was performed using the 


roughening of beaker surfaces. Various observers same three-section core to check the average rates 
ave often speculated on the effect of what Daunt and ssociated with these heights in the original bored 
Smith have recently aptly described as the “semi beaker. The midpoints of Secs. 1, 2, and 3 were respec- 


iillary nature of the rough surfaces.”? Nickel beaker tively 1.2 cm, 2.1 cm, and 3.0 cm from the rim, with 
ecimen Ni-I (see Table I) was therefore broached. Sec. 1 beginning 0.8 cm from the rim. The data for the 
vith the resulting longitudinal striations on the inner broached beaker (runs 17 and 22) appears in Fig. 1, 


together with the average rates obtained at 1.25°K for 





wall providing, in effect, a capillary covered surface 


The original inner circumference of the beaker was the same heights before broaching. Transport rates 
j ; } 


yvered by 100 equally spaced, slightly trapezoida 





Taste I. Identification of beakers. Since symbols (including 





striations. 0.001 in. deep, 0.002 in. wide. and 0.010 ir 











t the mbers assigned to identify runs) have the same meaning as 
par [he size and distribution of these grooves were n Table I f the preceding paper I the composition of 
lictated by the mechanical requirements of the various specimens is omitted here 
broaching operation. The broached surface extended 
from the rim to a depth of 0.985 in., the over-all inner — 
’ numbers ’ 
elerred = - 
° A ) ‘ R ‘ 4 Spe ’ ( to i - 
M s 4 ext 





t Present addr Bell Telephone Laboratories, 463 West Aluminum  AL-II (B Bored $5 + 
? 


Street, New York 14, New Yor Al-IT (ES Externally 62,65 

{ Barnard College, 5 a University, New York 27 superfinished ¥ 
New York Al-IT (IS Internally 68 

B. Smith and H. A. Boorse, Phys. Rev. 98, 328 (1955 his superfinished 
paper is designated by the sym! I the text Glass G-Il Untreated 56 

* Pre ary accounts some have alrea precision G-IV (FG Fine ground 54 
beer esented in 1) B. Smi a Proceedings re Pyrex G-V (CG Coarse ground 57 
he Th Ir national ( lerem erature Physics Nicke I (B Bored 13 
and Chemistry, Houston, D Smith and H. A [ (Br Broached 17,22 
Boorse, Phys. I 94,772 (1954 33 





i-IT (ES Externally superf oo 
It «Is Internally superf 6 


+7 G. Daunt and K. Mendelssx Proc. Roy. Sa Lor 


A170, 423 (1939 ! 
. Ag It (B Bored 45,46,49 
=. —_——" a. W : ees silver Ni-Ag II (ES Externally superf 52 


wee“ —— a : Ni-Ag-II (IS Internally super 64 
London) A6S, 226 (1952). Stainless S.St. (B Bored 41-44,47 
, y 


N 
N 
B Am. Phys Ni-IT (R Reamed 
N 
N 
N 


©B. S. Chandrasekhar. Phys. Rev. 86. 414 (1952 steel S.St. (ES Externally superf 50,51 
‘J. G. Daunt and R. S. Smith, Revs. Modern Phys. 26, 172 S.St. (IS Internally super 61,63 
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BROACHED NICKEL : Ni-I (Br) 
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Fic. 1. Transport rates over broached nickel specimen Ni-I (Br), (a) between 0.8 cm and 1.6 cm from rim, (b) between 1.7 and 


2.5 cm from rim, and 
Cc 


} 


were calculated using the added macroscopic volume 
and perimeter contributed by the broaching in Secs. 
1 and 2, 3 was the same 
as before broaching. On the basis of the background 


variation in rates observed between runs 17 and 22, 


while the calculation for Sec. 


and similar evidence which will appear in subsequent 


discussion of other data, as well as the results reported 
in I,' it follows that surface capillaries of the size 


employed here did not enhance the flow of bulk liquid 
in an anomalous fashion. 

A thorough study of the literature of metal surface 
finishing was undertaken to determine the feasibility 
of producing very smooth beaker surfaces. This led to 
the that the 


developed by the Chrysler Corporation, not only gave 


conclusion “superfinishing” process, * 
promise of producing the finest microfinish attain- 
able,*" but was also sufficiently flexible to be applicable 
to small scale cylindrical geometry. In the interests of 
brevity, the description of the process will be confined 
to the official definition formulated by D. A. Wallace: 
“Superfinishing is the name of a method of mechanically 
developing on metal parts a surface finish which is 
optically smooth and metallurgically free of any frag- 
mented or smear metal, such as is created by the 
dimensional operations of turning, grinding, honing, 
lapping and/or burnishing. The superimposing of this 
ning operations removes the 


process over previous mac! 
defective boundary layer material and exposes, for 
heavy duty load-carrying contact, the unworked and 
undisturbed crystalline base metal. The resultant 
superfinished surface is a true, geometrically developed, 
wear-proof bearing area, free of oil-film rupturing 
protuberances, and accurate to within submicroscopic 
range.’’* Aside from the purely industrial considerations 

*A. M. Swigert, The Story of Superfinish (Lynn Publishing 
Company, Detroit, 1940 

*G. Schlesinger, Surface Finish (The Institution of Production 
Engineers, London, 1942 

“J. J. Bikerman, Surface Chemistry for Industrial Research 
(Academic Press, Inc., New York, 1948 

1B. C. Brosheer, American Machinist, September 9 and 23 
(McGraw-Hill Book Company, Inc., New York, 1948). The first 


+ 


article contains a valuable bibliography 


heck run, is included for comparison. The key to symbols given in (a) also applies to | 


c) between 2.6 cm and 3.4 cm from rim. In each drawing, an average value at 1.25 °K, obtained in a prebroaching 


b) and (« 


of load carrying capacity and wear, which are irrelevant 
here, these specifications are seen to be admirable for 
transport For 
including a complete description of the superfinishing 
process accompanied by many photomicrographs and 


vessel surfaces. further information, 


profilograms illustrating the quality of the surfaces 
which may be produced using various techniques, as 
well as a discussion of the measurement of surface 
finish, one may consult the literature.* 

A program for superfinishing metal beakers was 
Production 
Department of the Chrysler Corporation 


o 
18 


arranged with the cooperation of the 
Research 
Specimens of nickel, aluminum, stainless steel and 
nickel-silver (in the compositions specified in I: Table 
II)! were selected as sufficiently representative of the 
materials which were deemed satisfactory for ultimate 
superfinishing. The design (shown in Fig. 2 of paper 
I)' incorporating four calibrated regions, was adopted 
as standard for all beakers. The undercut, labelled U 
therein, was added to facilitate the subsequent super- 
finishing operations. 

Initial observations of film transport were made for 
each beaker in the original machined state, as delivered 
by the Columbia University Physics Department shop. 
The these 
measurements have already been described (for 
specimens Al-II, Ni-II, Ni-Ag-II, and S.St. in Table 
II of paper I)' in connection with the study of the role 
of substrate. 

Prerun and installation procedures were the same as 


machining operations and the results of 


those previously described.’ 

Upon completion of the initial transport measure- 
ments, each beaker was mailed to Detroit for super 
finishing of the outer surface only. During this operation 
the specimen was gripped by the approximately } in. 


long bearing surface provided by the solid base of the 


3 Surface Treatment of Metals (American Society for Metals, 
Cleveland, 1941), pp. 392-427 

’ Reason, Hopkins, and Garrod, Report on the Measurement of 
Surface Finish by Stylus Methods (Taylor, Taylor, & Hobson 
Ltd., Leicester, 1944 

“RE. Reason, J. Inst. Production Engrs. (October, 1944) 

6. P. Tarasov, Trans. Am. Soc. Mech. Engrs. 67, 189 (1945). 
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Fic. 2. Transport rates r a stainless-steel beaker in control experiments on surface finish. In each case the transport rates 
are average tween 4.45 « and 5.33 cm from the rim (R, 
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Fic. 3. Transport rates over a nickel-silv eaker (Ni-Ag-I]) in control experiments on surface finish. All rates are 
averaged between 4.45 cm and 5.33 cm from the beaker rim (R, 


capacitor shell (shown below 7-5 in I: Fig. 2)'; thus 
the inner wall was absolutely untouched during this 
operation. Transport rates remeasured after this 
procedure are reported below under the general heading 
of transport over “externally superfinished’” (ES 
beakers. This step in each series of measurements was 
included to provide data under circumstances where 
the comparatively ro igi inner mk roperimeter might 
conceivably exceed the superfinished outer micro 
perimeter 

Each beaker was then returned to the Chrysler 
Corporation for internal surface superfinishing. As 
before, specimens were gripped only at the unsuper 
finished base so as to prevent marring of the already 
supertinished exteriors. The final series of transport 
measurements was then undertaken. All data reported 
below under the general heading “internally super 
finished” (IS) will therefore pertain to beakers whose 
outer surfaces were still superfinished 

As a further precaution against inadvertent modifica- 
tion of the surface finish produced at any stage of the 
work, measurements of surface finish and exact beaker 
dimensions' were made only after the crucial transport 


measurements had been made. Microfinish was meas 
ured by the Chrysler Corporation, using Brush Surtace 


’ BL-103 and BL-110. All 


were again forwarded to Detroit merely for additiona 


Analyzers, models beakers 


measurements on the superfinished outer and inner 
walls after all transport data had been obtained. The 
microfinish of other specimens was measured under 
similar circumstances. 

When it proved difficult to arrange a similar polishing 
program for glass beakers, a substitute program of 
systematic roughening of Pyrex beakers was evolved. 
Three identical containers were fashioned from lengths 
of precision bore Pyrex tubing obtained through the 
courtesy of the Corning Works.'® Specimen 
G-III was untreated while the other two had their 
inner surfaces ground with carborundum: No. 200 for 


Glass 


“fine ground” (FG) specimen G-IV and No. 80 for 
‘coarse ground” (CG) specimen G-V. The smooth 
outer surfaces and ground inner surfaces of these 


specimens are thus analogous to the surfaces of the 


metal beakers which have been described as “‘externally 


superfinished.”” The nickel-silver depth gauge used in 


conjunction with these glass vessels was designed to 


yield data for direct comparison of the Pyrex results 
with those obtained for identical heights in metal 


beakers 


It was recognized that the precautions specified in 


connection with 


previous work! would be of equal or 


16 We are indebted to Dr. Paul M. Sutton and his colleagues of 






Corning’s Research Division for appraising our requirements and 
supplying the tubing 
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Fic. 4. Transport rates over an aluminum beaker (AlI-II) in control experiments on surface finish. All rates are averaged 
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Fic 


5. Transport rates over a nickel beaker (Ni-II 


averaged between 4.45 cm and 5.33 cm fron 


greater importance in the interpretation of the present 
experiments. The data previously acquired’ on the 
“unavoidable background” variation observed after 
immediate and delayed reinstallation of a specimen in 
the cryostat were supplemented here in recognition of 
the necessity to establish statistical comparison as the 
dominant theme of the present work. 

The data acquired in these control experiments are 
plotted in Figs. 2 
results for different finishes facilitates ready comparison. 
[It will be noted that part (a) of each figure reveals 
the original data from which the values tabulated for 
these specimens in Table III of paper I were obtained. }! 
The corresponding tabulation of values obtained after 
special surface treatment is contained in Table II of 
the present paper, while similar tables of values obtained 
at other beaker heights will be found in paper III of 
this series.!” 

Values cited for the externally superfinished speci- 
mens, as well as for the ground Pyrex specimens G-IV 
and G-V were calculated using the geometrical inner 
circumference as the flow-limiting width of path, on 
the assumption that only a comparison of the results 
secured with all finishes would test the validity of this 
mode of calculation. This point will be discussed at 
greater length in a subsequent paragraph. 


6 where the horizontal display of the 


7 B. Smith and H. A. Boorse, following paper [Phys. Rev. 98, 


358 (1955) ], designated as III in the text 








in control experiments on surface finish. All rates are 
the beaker rim (R,). 


) Lie 

Since the data seem noteworthy in regard to the 
rather narrow range of flow rates which were observed 
(in comparison with the reports of previous observers 
summarized in I: Table I),’ averaged values of the 
tabulated rates at identical heights have been calculated 
for each group of similarly treated specimens. These 
averages are the plotted points of Fig. 7. A conservative 
statistical estimate of the observed variability is given 
by the vertical lines which are drawn so as to extend 
above and below each average value by an amount 
equal to the average of the absolute deviations of the 
individual runs from the mean. The horizontal bars 
represent the highest and lowest values which contribute 


TasLe IT. Ry: Average transport rate between 4.45 cm and 
§.33 cm from beaker rim (midpoint at 4.89 cm); superfinished 
metals and ground Pyrex 


Rate in cm sec) KX 108 

Sp. f Run N 11 1.3 1.5 1 19 1 
Al-II (ES 62,65 99 98 95 83 53 18 
Ni-Ag-II (ES 52 95 94 93 85 68 31 
Ni-II (ES 0 8.1 8.1 7.8 69 82 29 
St.S. (ES 50,51 7.6 74 7.2 63 48 2.1 
Al-IT (1S 68 10.5 103 9.7 79 56 2.2 
Ni-Ag-IT (1S 6A 8.5 8.3 79 69 §2 21 
Ni-II (IS) 67,70 8.5 84 8.1 7.2 53 20 
S.St. (IS 61,63 88 8.7 8.5 78 56 23 
G-IV (FG 4 u9 T17 Hi Bi 73 3e 
G-V (CG 57 126 WA 121 HS G&S 33 
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tions as were observed were of the same order of 
magnitude in both cases. 


DISCUSSION 
I. Extent of Background Variation 


A comparison of the background variations shown in 
Tables IV and V with those characterizing the reports 
of other observers (summarized in I: Table I)! is 
difficult since most investigators have usually preferred 
to seek the more interesting effects which might appear 
when experimental conditions are purposely varied 
between runs. Although variations observed under 
such altered conditions have frequently been attributed 
to deliberate beaker and cryostat treatment, many of 
the discrepancies among results appearing in Table | 
of paper I for similar materials fall within the range 
observed here in the absence of special treatment. In 
this connection it is of interest to note the following 
remarks of Eselson and Lazarev: “One must still note 
that the data obtained in different series of similar 
experiments differed. This circumstance was noted by 
all authors and the same is true in the work under our 
conditions. In all probability this scatter (within 20 
percent) is caused by the influence of very minute 
quantities of impurities, the avoidance of which is 
very difficult.”"* Further evidence of widespread 


TABLE III. Measured microfinish of various specimens: root- 
mean-square deviations from the mean surface in angstrom units 
(Some specimens not subjected to special surface treatment but 
employed in the study of the substrate dependence’ are also 
included.) 





> wr i wr Oute 

Specimen Run Nos mnditior wall wall 
AL-II 55 3 3560 
Al-Il 62,65 (ES 50.8 
Al-II* 68 Is 635 508 
Cu 59.66 b 4064 11 430 
Ni-Ag-I 33—35,37 B 8128 8636 
Ni-Ag-Il 52 ES 76.2 
Ni-Ag-II* 64 (IS 762 355 
Ni-II 53 R 17 780 
Ni-U i) (ES 25.4 
Ni-IT* 67 ,69,70 IS 610 254 
Ag 58 B 12 192 22 352 
S.St 50,51 ES 76.2 
S.St.* 61,63 IS 457 228 
G-IIl 56 . 203 152 
G-IV 54 (FG 20 300 152 
G-V 57 (CG 50 292 152 
Aluminum core” 12 700 
Nickel silver core” 39 624 
Nickel core” 13 208 
Stainless steel core” 35 576 

® Finishes in this rov ete i after the handling described ir 
the text. The extent of t ea ase by comparison 
# each (1S) result for « " A the f ately above it 
n the table 

> These entries are included supplement the data on the f hes whict 
may be produced by turning » ndrical specimens 


1B. N. Eselson and B. G. Lazarev, J. Exptl. Theoret. Phys 
(U.S.S.R.) 23, 552 (1952). We are grateful to Dr. B. S. Chandrase- 
khar for supplying us, in April, 1954, with a translation of this 
paper prepared at the University of Illinois. 





Tasie IV. Background variation in transport rates observed 
for metal beakers which were untreated except for removal from 
the cryostat, reinstallation and outgassing between runs. Percent- 
ages were calculated by dividing the difference in rates at 1.1°K 
by the arithmetic mean of these two rates. Variations comparable 
to the scatter of the data on a given run are not tabulated. 





Percent 
Comparing variation 
Specimen Run No. es run No at ii 
Al-I (B)* 38,39 48 2 9.6 
Al-I (B)* 38,48 39 4 15 
‘ 1» 25 
AI-IT (ES) 62 65 2! >>? 
P 10 
Cu* 59 66 i ad 15} 
4 7 
Ni-Ag-I (B)* 33,34,37 35 1° 20 
Ni-I (Br) 17 22 Various 11-20 


heights 


el lata pertaining to this specimen 
& See reference 17 for data pertaining to beaker sections other than 4 


recognition of the limitations on agreement to be 
expected among various observations is implicit in 
the prevailing judgment that the different results 
obtained by many investigators for glass (see Table I 
of paper I) are in satisfactory agreement.’ :'** 

It therefore seems clear that, in evaluating the 
significance of fairly small changes which may be 
observed for rates measured after subjecting a beaker 
to spec ial treatment, one must take careful cognizance 
of the background variations which characterize the 
transport measurements. The source of such variations 
will be considered in subsequent discussion of the nature 
of beaker surfaces. 


II. Role of Microfinish 


A. Previous Views.—In the absence of a satisfactory 
theoretical formulation, the original observation that 
rates on metals were much higher than on glass‘ led 
to consideration of two alternatives: “either that the 
difference in intermolecular forces between the film and 
the different substrates causes a change in the flow rate 
or that simply, owing to its micro-structure, the effective 
perimeter of the underlying surface varies from case to 
case.’”* The intermolecular force picture seemed to 
involve excessive complexity since it leads to a variation 
of film thickness with height whereas the transport 
rates were believed to be independent of height (see 
paper ITI).'? Consequently it was concluded that a 
purely geometrical increase in the solid surface carrying 
the transfer was somewhat more probable. In view of 
the range of rates which had been observed it was 
apparent that “the required increase in perimeter to 
account for the higher transfer on metal would have to 
be about threefold.’”* Moreover, this threefold difference 
between macroscopic and microscopic perimeters would 
*K. Mendelssohn, Report of Proceedings of the Oxford 
Conference on Low Temperature Physics, August, 1951, discussion, 
7 
aa b F. Brewer and K. Mendelssohn, Phil. Mag. 44, 340 (1953) 
= Dyba, Lane, and Blakewood, Phys. Rev. 95, 1365 (1954). 
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Taste V. Variation in transport rates observed for similarly 
prepared specimens of the same material. See Table II for surface 
finishes. Percentages were calculated as in Table IV. Results of 
comparison of data for different heights, necessitated by non 
standard beaker geometry, were corrected (by less than 5 percent 
in accordance with the results to be presented in paper III, and 
are therefore Variations comparable to 


listed as approximate 





the scatter of the data on a given run are not tabulated 
Beak ar 
Specimen—rus ‘ pecimen—rune - 
Al-I: 38,39,48* Al-IT: 55 1 24 
Al.I : 38,39" AlIT-: 55 2» Rie) 
Al-I: 48* Al-II: 55 2 20 
Al-I: 38,39,48* AJ-IT: 55 3 17 
AJ-1: 38,48* Al-IT: 55 4 > 
Al-I: 39* Al-II: 55 4 21 
Ni-Ag-I: 33,34,37* Ni-Ag-II: 45,46,49 1> 15 
Ni-Ag-I: 35* Ni-Ag-IT: 45,46,49 1 34 
2 11 
Ni-Ag-I : 33-35,37* Ni-Ag-II: 45,46,49 3 16 
4 18 
G-1: 9,10 G-I1: 30,31" ~14 
G-1: 9,10* G-IL1: 56 ~30 
G-Il- 3031" G-III: 5% ~14 
()-I: 23° Q-IIT: 24,25* ~ § 
Ni-1: 22 Ni-II: 53 ~10 
cn calamaaan €7 tor Gale o = to banker os ‘ 
have to characterize the smoothest portion of each 
beaker since “‘a region of smooth surface on the wall 


of the beaker would clearly limit the transfer anywhere 


Since such a 


4 


along the beaker wall below this level.’ 


threefold variation might appear excessive, it was 


remarked that “‘once one admitted the existence of 
surface cracks allowing some kind of capillary flow, 
which would still be pressure independent, the required 


increase in effective perimeter would be much smaller.’ 
The 


the flow of bulk liquid to an 


be 


view that surface roughness may t! 


is enhance 
greater than would 
" 


onsiderations fh 


extent 


indicated by purely perimetric « as 
} 


been restated on a number of occasions.’ ® Although 
the influence of the chemical nature of the substrate is 
still assigned a negligible role in this later work, one 
finds that high transport rates are ascribed to the 
microstructure of the substrate’ on the assumption 
that “narrow surface cracks of the order of magnitude 
of the film thickness or somewhat larger might be 


filled up with liquid helium and thereby produce a 


much greater transport of liquid,’”® while mention of 
the simple picture of a large microscopic perimeter Is 
now omitted. The experiment designed to test this 


hypothesis yielded a transfer rate “‘practically the 


same as that for a baked-out glass surface’ for two 
stainless steel beakers ‘‘of a much better finish than any 
metal surface that had previously been used for 
helium transfer.’ Later it was found that when “one 
of the beakers was brought to red heat, thus destroying 
the smooth surface finish, and it was then lightly 


polished with cotton wool to remove any deposit of 


} 
the flow rate had changed considerably, being 


oxide \ 
} ] 1¢. *S 


now more than three times the original val 
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On the other hand, the view that flow rates simply 
adjust to the prevailing microscopic perimeter continues 
to attract support as may be seen from the recent 
analysis of Daunt and Smith, which ends with the 
remark that “it presumably must also be concluded that 
the increase in transfer rate over rough surfaces is due to 
their increased periphery for flow---.”” 
However, apparently as a result of associating a plotted 
curve with the wrong set of ordinates, Daunt and 
Smith evaluated available data on the assumption 


available 


hat the experiments on polished stainless steel which 
ave just been described, indicated a change of only 
about 50 percent due to the destruction of polish by 
instead of the change to three times the 
original value which was actually reported.® In view of 
the crucial role accorded this experiment their 
discussion, this oversight had the regrettable effect of 
eliminating all larger 
discrepancies which have induced others to postulate 


heating,’ 
in 


but passing reference to the 
an anomalous flow in metal surface cracks. 

B. The effect 
microfinish on the 
7 is summarized in Table VI (which 
1-3 
from paper III).'’ The size of the observed diminution 


of 
average 


Present 
of 
exhibited in Fig. 


altered 
rates 


Observations 
metal beakers 


also includes additional results for beaker Secs. 
of rate with improved microfinish is much smaller than 
would be expected from many previous reports. It is 
abundantly clear that, in the face of the background 
variation, the resolution of this effect is made possible 
only by averaging of the data obtained for different 
specimens on many separate occasions 

The results for untreated and ground Pyrex beakers 
Fig. 6 and Table II 
obtained for metal beakers. In fact, contrary to many 


see are in accord with those 


previous reports, transport rates measured over the 


bored 
reprod It ibility 


comparatively rough metallic 


to 


S} ecimens were 


found exhibit a and simplicity 


comparing favorably with that obtained with glass 


and quartz.’™ Such similarity of behavior appears 


consistent 


of 


not only 


with the previously cited! calcula- 


tion Schiff,*™ but also with the known physical 


Tas_e VI. Comparison of average transport rates at 1.1°K for 
machined and superfinished (internally as well as externally-IS) 
metal specimens. Data for beaker SecS. 1-3 (see Fig. 2 of Paper I), 
tabulated in the < were obtained 


Average rate in cr m-sec) «104 
k k Ry Rx 
Machined metals 15.0 11.9 10.7 10.3 
Superfinished metals (IS 1 99 93 89 
Percent difference with 27% 18% 14% 15% 
respect to mear 
Ratio of machined to 1.32 1.2 1.15 1.16 


IS) average rate 


* B. Smith and H. A. Boorse, Phys. Rev. 92, 505 | 
™L. I. Schiff, Phys. Rev. 59, 839 (1941). 
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properties of glass surfaces.*-*’ For example, in a 
section entitled ‘The Universal Corrosion of Glass 
Surfaces,” McBain™ remarks that ‘‘glass owes its power 
of resisting agents generally to the existence of an 
insoluble film of silica or highly silicated matter upon 
its surface. The silica is mostly left behind as a coating 
of silica gel upon the surface of the glass. This is 
amplified when the usual corrosive cleaning agents are 
employed. Surfaces so prepared for use are no longer 
glass and they possess appreciable depth and porosity.” 
He therefore concludes that “‘the true extent of the 
surface of glass in its ordinary condition is not even 
approximately known; the uncertainty amounts to 
an order of magnitude.” In commenting on what he 
terms the spongy nature of glass surfaces, Adam” 
observes that “glass is also rather liable to minute 
surface cracks” and adds that ‘glass surfaces seem to 
become dirty more quickly than most others; this is 
very likely due to the contamination having penetrated 
below the surface into cracks, and coming out gradually 
after cleaning the actual surface.’’ Thus the observation 
of conventional transport rates for glass surfaces, 
including those cleaned with chromic acid,‘ is also in 
accord with the present indications of the small degree 
to which altered microfinish may influence transport 
rates, 

Although the extent of the possible difference between 
macroscopic and microscopic perimeters for machined 
metals has always been discussed on intuitive grounds 
in connection with helium film transport,’-7?*-* it 
appears feasible to estimate this difference quantita- 
tively. Consider the simple model of a rectangularly 
corrugated surface shown in cross section in Fig. 8, 
where po represents the superficial macroscopic perimeter 
whose microscopic counterpart, p, is to be estimated. 
Let the average combined width of each adjacent hill 
and valley be designated by A, which therefore equals 
the ratio of the measured geometrical perimeter po to 
the number, mo, of such elevation-depression pairs, 
where of course po>>d. This definition of \ as an average 
width, frees the model from the restriction to the 
perfectly regular periodicity which has been depicited 
in Fig. 8 merely for convenience in drawing. If the 
depressions have a depth given by 26, then the sum of 
po and vertical contributions to the perimeter yields an 
expression for the total microscopic perimeter given by 


p= poL1+46/r], (1) 

* J. W. McBain, The Sorption of Gases and Vapours by Solids 
(Routledge, London, 1932). Most references are to Chapters 7 
and 10 

%N._K. Adam, The Physics and Chemistry of Surfaces (Oxford 
University Press, London, 1941), third edition, Chaps. 5 and 7 

%S. Brunauer, The Adsorption of Gases and Vapors (Princeton 
University Press, Princeton, 1954), Vol. 1 

"J. E. Stanworth, The Physical Properties 
University Press, London, 1950 

* J. G. Daunt and K. Mendelssohn, Nature 142, 475 (1938) 

* J. G. Dash and H. A. Boorse, Phys. Rev $2, 851 (1951) 

» W. C. Knudsen and J. R. Dillinger, Phys. Rev. 91, 489 (1953 
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Fic. 8. Simple model of cross section of rough surface (not to scale) 


where the definition of X, 
po= Nod, (2) 


has been employed ¢o eliminate mo. Thus the dimension- 
less ratio (46/X) is a direct measure of the contribution 
of surface roughness to p. It is of course assumed that 
only irregularities for which 26 exceeds the helium u 
film thickness (2200 A) would qualify in altering the 
perimeter “seen” by the film. 

Suitable numerical estimates of 6 for various beakers 
are given by the measured values of rms microfinish 
(deviations from the mean surface) shown in Table ITI, 
whereas corresponding values of \ are not available for 
these metal specimens. However, study of the literature 
of machined surface finish reveals that 6 and A 
are not entirely unrelated. The correlation between 
6 and d is reflected by the necessity to employ different 
scales of horizontal and vertical magnification whenever 
it is desired to study surface contours as revealed by 
photomicrographs and One 
chooses that ratio of vertical to horizontal magnification 
which will reduce 6 and \ to a comparable scale much as 
is shown in Fig. 8. In practice, “experience shows that 
in the vertical direction the range of useful magnification 
extends from about 1000 to 100000” while “in the 
horizontal direction, values from 6 to 800 have been 
used.’ When fixed distortion of horizontal and 
vertical dimensions in a collection of such graphs 
is desired, “the best all-round value for measuring 
roughness would seem to be 100’ ratio of 
vertical to horizontal magnification). Thus Reason" 
has observed that “what appear on these graphs to be 
slender projections and narrow crevasses are in reality 
nothing of the sort and are merely the compressed 
representation of gentle hills and broad valleys. A 
certain amount of care and practice is required to use 
these distorted graphs, and all the time to think 
correctly about them. There is a terrible tendency to 
forget the distortion and to discuss the effect of the 
various shapes just as though the graph were actually 
a true representation of the surface. On the graph it 
looks as though the slender projections could easily 
bend over or snap off: but when you consider reality 
you will see that this could hardly happen, for the 
actual inclinations of the flanks of the undulations to 
the horizontal are so small that there can be no question 
of simple bending or breaking.” Therefore, an estimate 
of the range to be expected for (6/A) with actual 
machined metal surfaces may be made by observing 
the distortion ratios employed in most graphical 


profilograms. usually 


(1.€., 
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and vertical 


surfaces to roughly the 


representations,” * showing 
irregularities for machined 
same scale. From such study 
consider the range 
w< p ) 
20S (A/0)S 2 
where larger numbers indicate 


Fragile projections cl 


aracterized by 


} 


appears reasonabie to 


greater 


sr 


1OoLNNess 


smaller values of 


/6) seem unable to survive the rigors of the machining 
pr CESS In combination with Kq 1 this vields 
1.02 S (p/ po) $1.2 } 
The replacement of the rectangular contour shown in 
Fig. 8 by another regular curve (e.g., sinusoid or 
sawtoot! would aiso lead to a correction term smal 
compared with po for contours satislying the empirical 
condition 3 Furthermore view of ; the 
transition Irom an 1ia¢ y reguiar mode to actua 
surface irregularities should n suse an appreciable 
modification of these conclusions 
These considerations therefore argue against the 
possibility that the smoothest poru ym ol eact beaker 


might be chara terized by values of p 


approat hing two, whue or t 


ree or m 


Pp evel 


yre SUCD as 


are required by previously reported transport measure 
ments would appear to be extremely unlikely. This le S 
support Lo the reje tion ol a purely perimetric €xpiana 
tion of such results by Mendelssohn and White* an 
Chandrasekhar and Mendelssohn 

On the other hand, comparison ol entnes u e last 
row of Table VI with Eq 4) indicates that the present 
data for metals are nsistent Ww the hypothesis i 
transport rates adjust to the prevailing microscop 
perimeter, while the added hypothesis of a large, anoma 
lous flow in surface cracks is completely unnecessary 
Recently Dyba, Lane, and Blakewood have also re 
ported the absence of anomalous flow in transport 
Irom glass capillaries 

Further s ipport of the present view is provided by the 


assumes tha e orde 


the diameter of the abrasive part 


e wWalis Ol Deakers 


microhnis V es lor 


with observ a Ss 
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tr | ] i 2 as 
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G-V (CG 198 
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twice as rough as G-IV (from comparison of micro- 
finish values), the calculated increase in perimeter 
over that of untreated specimen G-III is about the same 
in each case. Furthermore, (46/) is so small that one 
might expect the observed background variation to 
tend to blur the correlation of transport rates with 
(p/ po) since only one run was taken on each specimen. 
This is indeed observed at various heights,'’? whereas 
averages of transport rate ratios observed at all heights 
yield the values shown in Table VII. The agreement of 
the data with the proposed model is most satisfactory, 
although the virtual identity of the last two co! ms of 
lable VII must be regarded as somewhat fortuitous. 
Thus, the assumption that increased surface roughness 
in general leads to higher transfer rates* is seen to 
nvolve considerable oversimplification. 

In judging the quality of finish imparted to the 
superfinished beakers it is desirable to provide some 
standard of comparison. As previously noted, the most 
reliable estimates of the originally imparted superfinish 
ippear to be those measured on the outer walls of (IS) 
beakers before handling. Such measurements, of which 
there is one for each of four metal beakers, range from 
25.4 A to 76.2 A for rms surface irregularities on the 
ylindrical surfaces (see Table III). T! 


be con pared with the results of a recent study of the 


ese values will 


microscopic nature of optical flats, since specifications 
for such flats are generally regarded to impose the 
most stringent tolerances attainable. Using multiple 
beam interferometry to resolve irregularities that could 
not be revealed by the electron microscope, Koehler® 
offers the following description of an optical flat: “If 
yne could obtain a collection of cones with conchoidal 
sides, mean height less than 60 A, average deviation 
from the mean about one-third the mean, and bases 
ess than 0.01 mm in diameter, and then place them as 
ose together as possible with their bases on a super- 
smooth surface, then one would have a model of a 
polished glass surface.’’ The value of 60 A is in excellent 
agreement with the range of electromechanically 
letermined microfinishes on superfinished metal beakers. 
Furthermore, substitution of 60 A for 6 and Koehler’s 
bserved average distance between adjacent cusp 
points of 0.004 mm for A, yields satisfactory agreement 
with the undisputed smoothness of optical flats as 
well as the previously specified correlation between 
\ and 6 for mechanically prepared metal surfaces. 

In the past, the proposed correlation of a very large 
range of transport rates for metals with changes in 
perimeter appeared incompatible with the lack of 

ear evidence of changes of comparable magnitude 
accompanying the surface modifications which would be 
expected to result from the mere aging and handling of 
ikers.% The present results are not open to this 

DD). F. Brewer and K. Mendelssohn, Phil. Mag. 44, 559 (1953) 
2W.F. Koehler, J. Opt. Soc. Am. 43, 743 (1953). We are 
grateful to Dr. Koehler for communicating these results to us 
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objection since changes of the same order of magnitude 
as those to be expected from Eq. (4) have been observed 
as background variations with individual beakers 
(Table IV), in variations among similarly prepared 
beakers (Table V), and in changes resulting from 
deliberate alteration of microfinish (Tables VI and VII). 
The details of the background variations as previously 
discussed are thus seen to play a vital role in any scheme 
which attributes differences in transport rates to 
substrate microstructure. Their existence is to be 
expected, and only their absence from the data would 
require special explanation. 

In this connection, another aspect of the virtual 
impossibility of exact duplication of microscopic 
surface conditions is deserving of attention. Since the 
discovery, by Bowers and Mendelssohn,* that anomal- 
ously high transport rates were associated with con- 
densed layers of solidified gases, all investigators have 
taken great pains to exclude foreign gases from their 
apparatus. The preventive measures employed by 
Atkins™ (outgassing etc.) were very similar to those 
already described for the present experiments.’ Men- 
delssohn and White‘ outgassed glass vessels at tempera- 
tures up to about 130°C for 14-2 hours in a vacuum of 
about 10-* mm Hg. Both metal and glass beakers were 
cleaned with acid. Their treatment of platinum and 
nickel specimens included degassing at about 600°C 
at a pressure of approximately 10-* mm Hg for an hour. 
In what appears to be the most ambitious effort thus 
far undertaken to minimize contamination, van den 
Berg used glass apparatus which was evacuated for four 
hours at 300°C and then sealed off, following which it 
was immersed in the liquid helium where the pressure 
was reduced to about 1 mm Hg before the seal was 
broken.* He reports a transport rate of 11 10~° cm? 
cm-sec (presumably at temperatures below 1.5°K) 
when the level was not very close to the rim. The same 
rate was observed in a separate experiment where 
helium was condensed into the measuring beaker 
through a spiral and several charcoal traps immersed 
in liquid hydrogen as well as a spiral immersed in liquid 
helium. (We note in passing that this rate of transport 
is in excellent agreement with the present data for 
glass and quartz! as well as with the recent work at 
Yale.”4) Eselson and Lazarev'* repeatedly refer to 
“measures which excluded the contamination of the 
walls of the vessel by solid impurities” although they 
furnish no description of these measures other than the 
statement that “before starting the experiment, the 
apparatus is carefully evacuated and filled with pure 
gaseous helium.” 

Although these precautions have proven sufficient to 
exclude obvious contamination of the sort described by 
Bowers and Mendelssohn,® it is by no means clear that 

®R. Bowers and K. Mendelssohn, Proc. Phys. Soc. (London 
A63, 1318 (1950) 

*K._R. Atkins, Proc. Roy. Soc. (London) A203, 241 (1950) 


%G. J. van den Berg, Report of Proceedings of the Oxford 
Conference on Low Temperature Physics, August, 1951, p. 67 


they are sufficient to remove the “foreign matter in a 
thin layer’ with which “‘a solid surface is nearly always 
contaminated.’™ It has already been noted that glass, 
particularly when acid cleaned, tends to be covered by a 
layer of silica gel. In commercial applications, for 
adsorption of water, silica gel is used probably more 
than any other adsorbent.” It has also been observed 
for borosilicate glasses like Pyrex, that 300°C is 
required to remove most adsorbed gases while absorbed 
gases begin to come off at the softening point (600°C).** 
It is therefore not surprising that suspicions of adsorbed 
water on glass transport vessels which have yielded 
conventionally low flow rates in previous measurements, 
have been voiced by Mendelsshon and White.* The 
possibility of contaminating metals in the machining 
process is obvious; furthermore, when cleaned by 
etching, ‘‘the metal surface is covered by the products 
of the reaction between metal and liquid or at least 
by their concentrated solution in the etching liquid.” 
Thus, “in many instances cleaning attempts only 
accentuate the chemical difference between the interior 
and the surface of a solid.’”® Furthermore, as has been 
observed by Bikerman”™: “A complete removal of these 
adsorption layers requires a prolonged heating in high 
vacuum. For instance, Holm and Meissner’ had to 
heat platinum wires for hours at 1100° in a perpetually 
evacuated glass vessel the walls of which were cooled 
with liquid hydrogen to prevent gas molecules striking 
these walls from returning to the wires. If the material 
to be cleaned cannot stand up to a degassing of such 
intensity, its surface will never have the composition 
of its interior.”” Adam* also observes that “‘if the surface 
is prepared by etching, chemical changes may be pro- 
duced on the surface, oxide or other films being present”’ 
and that “most surfaces would have their structure 
much altered by heating, however, the small ridges 
and projections becoming sintered and rounded off.” 
Consequently, complete cleanliness appears highly 
incompatible with the study of surfaces of known 
microstructure at helium temperatures. 

Insofar as fluctuations in the composition and extent 
of minute residual contamination of “clean beaker 
surfaces”’ might alter the microscopic periphery of a 
beaker, such effects are completely consistent with the 
preceding discussion of present observations. This is 
also the mechanism used by Eselson and Lazarev to 
explain the background variation they observed for 
transport over glass.'* 

However, the probable existence of such residual 
deposits is disturbing when one endeavors to proceed 
further and dissociate the role of the helium-substrate 
interaction from purely geometric effects. It has already 
been noted’ that differences in this interaction, as 
calculated by Schiff* for copper, silver and glass, are 
too small to permit their systematic resolution in the 

* J. E. Harris and E. E. Schumacher, J. Ind. Eng. Chem. 15, 


174 (1923) 
* R. Holm and W. Meissner, Z. Physik 74, 715 (1932). 
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present experiments. The apparent consistency between 
the present observations and Schiff’s calculations,’ 
however, may be fortuitous, since in the absence of 
precise knowledge of the composition of the surface of 
it is not known to what extent the 
the 


a “clean beaker,” 
direct helium-substrate 
calculation is applicable. 

Contamination in the sense employed by Bowers and 
Mendelssohn has been observed transport 
rates between ten and twenty times larger than the 
“clean beaker’’ rates observed here 


interaction assumed in 


to cause 


conventional! " 
It has frequentiy been assumed, “in view of many of 
the results obtained with the transfer over metal 
surfaces, that the increase in the transfer rate over 
contaminated surfaces is due to the increased perimeter 
due to the deposit.” Since this assumption now seems 
inadequate to explain many of the high rates previously 
reported for machined metals, its applicability to 
contamination must be re-evaluated. If the effect of 
contamination is truly one of enlarged perimeter, then 
it should be possible to show that values of A and 6 
changes in 


required in Eq. (1) to produce such large 


perimeter are indeed compatible with the kinetics of 
the condensation process and the amount of gaseous 
impurity which is introduced. On the other hand, just 
as has been shown for machined metals, it may prove 
very improbable for the condensate to form needle-like 
projections of the requisite density and fragility to 
produce large enough values of (6/A). (This of course 
assumes that one must consider only irregularities 
larger than the film thickness so that mere granularity 
on an atomic scale would not suffice.) Solidified gases 
might then prove to be extremely useful in the study of 
the direct helium-substrate interaction. For example, 
Ham and Jackson have already observed the formation 
of discrete drops from the helium u film only when the 
polished surface of the mirror was free from condensed 
gaseous impurities; otherwise, the bulk liquid could 
just be observed as a stream of liquid of uneven thick- 
ness flowing on an irregular substrate. Some unpublished 
results obtained at Leiden also appear to be of interest 
in this connection.” In any event, further theoretical 
and experimental study of these questions would be 
very valuable. Temperley’s recognition of the import- 
ance of bound states of helium atoms which “are 
presumably present on any boundary wall, even if it 
is submerged in the liquid” and which “certainly will 
affect the transport properties profoundly”® might 
prove to be a useful point of departure for future studies. 

Attention must also be directed to previous observa- 


*K.R. Atkins, Nature 16], 925 (1948 
*W. J. deHaas and G. J. van den Berg, Revs. Modern Phys. 
21, 524 (1949 


“ R. Bowers and K. Mendelssohn, Nature 163, 870 (1949 


“ R. Bowers and K. Mendelssohn, Proc. Phys. Soc. (London) 
A63, 1318 (1950 

#A_C. Ham and L. C. Jackson, Phil. Mag. 44, 214 (1953 
Also see reference 40 of paper III 

“HN. V. Temperley, Proc. Roy. Soc. (London) A198, 438 


(1949) 
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tions of transport over “clean metal! beakers” for which 
measured rates greatly exceed those to be expected 
from a mere increase in perimeter. Since such observa- 
tions now seem to be anomalous even for machined 
metal! beakers, it appears that a completely satisfactory 
explanation must await further experiments in which 
such results are reproduced at will by controlled beaker 
treatment after normal, low rates have been observed 
for the same beaker in the original machined state. In 
those cases where some details of beaker history are 
available, it may be significant that very high rates 
have been associated with beakers which had previously 
been heated to 600°C in a vacuum of about 10-* mm 
Hg,* heated (apparently in air) to “red heat,’’® other- 
wise oxidized,” and/or etched in acid,’ whereas lower 
rates such as those reported here have been observed 
in the past over metals*.**.%.4—46 for which no mention 
of such treatment was made. Thus, in the absence of 
further experimental and theoretical knowledge of the 
role of surface impurities and the manner in which 
oxidation, heating, and chemical treatment may alter 
microfinish, it is difficult to judge the merits of the 
hypothesis of anomalous flow in surface cracks in 
explaining usually high rates. In this connection McBain 
remarks that “when discussing impermeable crystals, 
it is well to remember that it is now recognized that 
perfect crystals will spontaneously develop a network 
of surface cracks spaced about 100 atoms apart owing 
to contraction due to the unbalanced forces at the 
surface. This must appreciably increase the area 
available for the sorption of small molecules. The 
remarkable experiments of Griffith with fibres of glass 
and silica show than even a ‘virgin fire-polished’ surface 
of fused silica does not remain intact if exposed even 
for a few hours.’ 

Finally it must be noted that the statistical analysis 
of the data embodied in Fig. 7 (and similar graphs to 
appear in III),'’ reveals a somewhat curious situation 
not apparent from tabular summaries. 
Although tabulated and plotted values of transport 
rates over (ES) beakers were calculated by assuming 
that the limiting perimeter was still provided by the 
unchanged inner wall (just as for bored specimens), 
average (ES) transport rates as shown in Fig. 7 (and 
paper III) were virtually identical with average (IS) 
results. In terms of Eq. (1) of paper I,' it therefore 
appears that, on the average, the time Af taken to 
empty identical volumes was different in the bored 
and (ES) cases. Such a result might be interpreted to 
mean that the rough microscopic inner circumference 
sometimes exceeded the smooth outer perimeter. 
However, if this were so, the use of the outer circumfer- 


which is 


“B. V. Rollin and F. Simon, Physica 6, 219 (1939) with the 
added explanation offered by H. A. Fairbank and C. T. Lane in 
Phys. Rev. 76, 1209 (1949) 

“ J. G. Daunt and K. Mendelssohn, Proc. Phys. Soc. (London 
A63, 1305 (1950). 

“ E. Ambler and N. Kurti, Report of the Proceedings of the Ox- 
ford Conference on Low Temperature Physics, August, 1951, p. 70 




















ence in the calculation would be proper in certain cases. 
Some (ES) graphs in Figs. 2-5 would be lowered by 
about 20 percent and would then include results as 
low as 5.9 (10~*) cm*/sec-cm at 1.3°K, which is lower 
than any previous report for glass, metal, or plastic 
substrates. Furthermore, since the results for (IS) 
beakers would be expected to be just as low, one would 
be led to assume that some superfinished outer micro- 
circumferences were smaller than their superfinished 
inner counterparts. 

It is important to note that a revision of the data 
along these lines, if applied uniformly to all super- 
finished metal and ground glass beakers, would increase 
the consistency of some sets of results only at the 
expense of a comparable diminution of consistency 
in control experiments on other beakers. However, the 
background variations which were observed, when 
coupled with the small size of the statistical sample 
involved, argue against the propriety of applying such a 
correction only to those results whose consistency would 
be improved thereby. Fortunately, the fact that 
the corrections which might conceivably be applied are 
too small to permit their unambiguous justification, 
has the added effect of guaranteeing that the discussion 
of results as already presented would survive such 
revisions intact. Furthermore, the added possibility, 
however remote, that a polished outer wall can to some 
extent affect film flow, without providing the controlling 
perimeter, should not be overlooked in view of the 
incompleteness of the present state of knowledge. For 
example, the flow of the film is sometimes coupled with 
drop formation on the outer beaker walls®*’ in a manner 
which varies with surface condition in a way that is not 
fully understood.” Consequently, until such time as 
conclusive evidence for the necessity of such revision 
may be forthcoming, it would be imprudent to alter 
the presentation of the data. 

Although the question of outer vs inner perimeter is 
thus seen to be of relatively minor importance in these 
experiments, it appears to be crucial in the interpreta- 
tion of some previous observations on stainless steel.° 
Apparently as a result of the difficulty of polishing 
the inner walls of smal! bore specimens, only the outer 
walls were polished,** thereby providing beakers similar 
to those labeled (ES) in the present work. Published 
rates were calculated using the polished outer circum- 
ference as the limiting perimeter.** If it be assumed 
that machined metals always yield spuriously high 
flow rates as a result of anomalous flow in surface 
cracks,‘ then the observed low rate of emptying of 
these steel beakers would appear to justify the assump- 
tion that the smooth outer surface was limiting the 
transport. However, previous observations of low rates 
on polished stainless steel and iron,™ as well as the 





“DPD. G. Henshaw and L. C. Jackson, National Bureau of 
Standards Circular 519 (U. S. Government Printing Office, 
Washington 25, D. C., 1952), pp. 189-190 

“ B.S. Chandrasekhar (private communication) 
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present observations on various machined metals 
indicate that, in the absence of a pre-polishing control 
experiment, the reported data on such externally 
polished beakers do not justify conclusions as to the 
effect of enhancing surface finish. On the contrary, the 
observations are in excellent agreement with the 
present results for ordinary machined metals.' Further- 
more, polishing similarly restricted to the outer surface 
of a platinum beaker, had no appreciable effect in 
other experiments.‘ Although the polishing therefore 
may be irrelevant to the experiments on stain- 
less steel,’ these considerations do not affect the 
observation that the flow rate increased to more than 
three times the original value® after heat treatment of 
the beaker. However, the use of these data to draw 
conclusions about the surface smoothness required for 
the observation of low transport rates,’ rather than on 
the effect of damaging beaker specimens by bringing 
them to red heat in air, is unjustified. This distinction is 
of particular importance in the interpretation of work 
in which flow rates are used in the calculation of other 
physical quantities.” 


SUMMARY OF CONCLUSIONS 


Variations observed from run to run with the same 
specimen, and from specimen to specimen of the same 
material in these and previous experiments,' indicate 
that trustworthy generalizations cannot be based on 
small amounts of data. In this connection, the line of 
demarcation between “clean” and ‘‘contaminated’’™ 
beaker surfaces is not sufficiently clear. Consequently, 
the apparent compatibility of the data for various 
materials with the calculations of Schiff (noted in I)! 
may be fortuitous, since the calculations assume a 
direct interaction between the helium film and a surface 
whose properties are identical with those in the interior 
of the solid. 

The data are consistent with the hypothesis that 
transport rates adjust to the prevailing microscopic 
perimeter presented to the film. The effect of improved 
microfinish could be discerned only from a statistical 
comparison of the results for various groups of similarly 
treated specimens. The size of the observed background 
variations, as well as the effect of improved microfinish 
are in good agreement with the proposed calculations 
of the difference between microscopic and macroscopic 
perimeters “‘seen” by the film for mechanically finished 
substrates (considering irregularities greater than or 
equal to the film thickness). The calculated difference 
is much smaller than many previous intuitive estimates 
and it has been shown that an increase in surface 
roughness (as manifested by an increase in the height 
of surface irregularities) is not sufficient to guarantee an 
appreciable change in the microscopic perimeter 


“LL. C. Jackson and D. G. Henshaw, Phil. Mag. 44, 14 (1953). 

* In this context, “contamination” includes chemical and phys- 
ical surface damage as well as the condensation of foreign gases 
in the sense of Bowers and Mendelssohn 
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presented to the film. The present estimates of the 
difference between geometric and microscopic perimeters 
give quantitative support to the rejection by some 
authors of a purely perimetric explanation of anomal- 


ously high flow rates which have sometimes been 


reported for metals. The inapplicability of the perimetri: 


f 


explanation to such results suggests the desirability of 


re-examining the accepted perimetric explanation of 


the very high rates which result from contamination 


} specific 


r 
ratio (6/X 


(in the sense of Bowers and Mendelssohn), with 


attention to the probable values of the as 


employed in Eq. (1 
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Transpo utes ha een mea r ts up to 5.3 cm. A variation with film height, whose 

1 age beha 7 ir to that us bee vorted for the film thickness, was observed. This height 

r r { e flow rates was fo ' ature independent in the range under investigation 

KsT<T7 The re 8 are aiso rela t se to changes and microfinish. Cor era 

this height ce t © Was esse ¢ e role te and microfinish presented 

t s ur $ series 

INTRODUCTION the rate of transfer with height when observations were 


proceeding with the study of rates 


- 
inaugurated 


film transport 


previous papers,'? the present in 


vestigation is concerned with the clarification of the 
question: 


How 
] 


e distance of the liquid source from the 


answer to the do measured transport 


rates vary with t! 


rim of the beaker? 
In the earliest relevant investigation, it was found 
that the rate decreased “only by 20 percent when the 


} 


level had dropped from within 0.5 mm of the rim to some 


20 mm from the rim.’" It was concluded that “‘the rate 


of transfer depends only on the temperature and is 


practically independent of the difference in height be 
e two levels (except if the higher level is very 


% In a 


1 have given the follow- 


tween th 
1.5 cm 


review 


or the top ol the barrier 
Dau 
P 


ing more quantitative description of these early results: 


near iCSS 


recent nt and Smit! 


“Daunt and Mendelssohn observed a small variation of 
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made over height differences as large as 6 cm. The 
variation in the rate was approximately 2 percent per 
change in height.’* It was concluded that ‘the 
change in gravitational potential does influence the 
transfer but that this influence plays only the role of a 
correction of higher order.”® Consequently, ‘‘to avoid 


cm 


h might have been introduced by the 
influence of gravity, the determinations were all 
carried out in the same range of the beaker.’ Later, on 
the basis of these experiments, the following summary 
was offered: “The most striking feature of the film 
transfer is its independence of the pressure head and of 
the length of the path over which it takes place. A 
beaker filled with liquid helium will empty itself at a 

ly rate which does not depend on the position 
of the level or on the height of the intervening wall. 
hese facts indicate that the film transport must be free 
of friction, since dissipation of the kinetic energy of flow 
would introduce a dependence of the flow rate on the 
pressure head and the length of path.’ 


the small error whic 


chont 
AB tit 


steac 


‘J. G. Daunt and R. S. Smith, Revs. Modern Phys. 26, 172 
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Later some observers,’ using glass beakers, reported 
very high rates characterized by a severe height de- 
pendence and a variability which was excessive even by 
the standards previously enumerated for such results in 
paper I.! Bowers and Mendelssohn,"'” as a result of 
impressive detective work, were able to show that such 
high transfer rates are produced by the contamination 
of glass surfaces with solidified gases. This conclusion 
was promptly confirmed in other laboratories." (The 
data previously alluded to in the present summary as 
well as in I' and II,? have been limited to results 
generally considered to be unaffected by such contami- 
nation. This restriction will also apply to subsequent 
references unless otherwise specified.) 

The fact remains that most observers have agreed 
that, in the absence of such contaminating influences, 
proximity of the liquid level source to the rim is as- 
sociated with increased transport rates. The magnitude 
of this variation, as well as the distance along the beaker 
over which the variation is pronounced, is however not 
clear. For example, in addition to those already quoted, 
the following observations have been reported: ‘Al- 
though the stainless steel beaker has mono-layers of 
barium stearate on the outside, it apparently behaves as 
a ‘clean beaker’ in the sense of Bowers and Mendelssohn, 
since the creep rate is practically independent of the 
height of the inner liquid level except for the first few 
millimeters, where, as usual, the creep rate is con- 
siderably greater.’”* In another paper it was reported 
that the motion of the liquid surface “was invariably a 
linear function except in the initial stages of an emptying 
process when the liquid - - - was very near the rim of 
the tube.’"? The routine acceptance of this effect is 
indicated by statements such as “the dependence of the 
transport rate on the position of the liquid level below 
the container rim was found to correspond qualitatively 


” 


with the results of other investigators.’'* Other authors 


have reported that ‘the increased transfer near the rim 
still persisted after baking out and can therefore hardly 


be ascribed to adsorbed water or air. - - - Thus while 


it is tempting to see in the observed variation of R a 
true, if slight, dependence on the height of the film above 
the liquid level, the effect is so small that we hesitate to 
regard it at present as being of fundamental signifi- 
cance.” Consideration of these data has often led to the 

*K. R. Atkins, Nature 161, 925 (1948 

” W. J. deHaas and G. J. van den Berg, Revs. Modern Phys. 21, 
524 (1949). 

! R. Bowers and K. Mendelssohn, Nature 163, 870 (1949 

? RK. Bowers and K. Mendelssohn, Proc. Phys. Soc. (London) 
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%K.R. Atkins, Proc. Roy. Soc. (London) A203, 241 (1950). 
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conclusion that “the flow rate height dependence, if it 
exists at all, cannot be large.”™ 

On the other hand, it has also been observed that even 
“when adequate precautions were taken to prevent the 
formation of solid deposits on the surface holding the 
film, this characteristic rate of flow - varied with 
the height of the film: - - .This type of behaviour was 
observed in all the experiments. - - - In their original 
experiments, Daunt and Mendelssohn observed an in- 
crease in the rate of flow when one level was near the 
rim of their beaker, but they suggested that it was due 
to surface-tension effects. In actual fact the surface- 
tension rise of a liquid helium meniscus near a wall is 
about 0.7 mm, whereas - - - there is a significant varia- 
tion of the rate of flow at film heights of several centime- 
ters, and this must be regarded as a genuine film effect.’ 
However, on reproducing an apparent flow rate height 
dependence, Brown and Mendelssohn have been “in- 
clined to ascribe the small variation which was actually 
observed not so much to a real change in the flow rate 
but to a slight variation of the diameter of the beaker 
over its length. This is the more probable since in the 
following experiment the same variation was observed,” 

With few exceptions, it has been common practice to 
exploit the diminution of this ill-defined effect with in- 
creased distance from the rim by calculating flow rates 
from data taken with the liquid source far removed 
from the rim (see papers I and IT)'* while according only 
cursory attention to the extent of the observed varia- 
tion. This practice makes it rather difficult to analyze 
and compare much of the existing data on the magni 
tudes of the rates for the various substrates, since the 
aforementioned precaution’ of comparing only those 
determinations carried out in the same range of the 
beaker has fallen into disuse. (This problem was also 
noted in I, where the data reported in Table III and 
Fig. 8 were therefore acquired at identical film heights. )' 

Thus, in order for the companion studies of the role of 
substrate! and surface finish? to be meaningful, it has 
likewise been necessary to chart the variation of rate 
with film height. 

Furthermore, the quantitative data on this subject 
have hitherto been acquired only for transport over 
glass surfaces, and to the best of our knowledge had been 
restricted to the plotting of four isotherms.” Further 
work of this nature,” also restricted to glass surfaces, 
was brought to our attention after the completion of the 
work described herein. The paucity of such data for 
glass, and its nonexistence for metals, serve to empha- 
size the need for a systematic study of this effect. 
Interest in this variation is further stimulated by various 
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Tape I. R;: average transport rate between 0.45 cm and 1.33 cm 
if beaker rim (midp< t at 0.89 cr 
Kate “ x10 
Specime ¥ it 13 1.5 i ww 2 

Al-I (B 38, 39, 48 16.0 15.7 149 13.1 97 39 
AL-II (B 55 12.5 123 116 104 78 3.5 
Cu 39 17.3 168 160 13.5 02 47 
Cu 66 15.5 15.2 143 12.6 93 37 
Ni-Ag-I (B 33, 34, 37 15.6 154 148 13.1 96 40 
Ni-Ag-I (B 35 18.9 17.9 161 12.0 

Ni-Ag-II (B 45, 46, 49 13.4 13.2 126 11.4 84 3.5 
Ni-IT (R 53 16.0 158 15.2 139 104 44 
Ag 58 1443 14.1 133 120 95 3.9 
S.St. (B 41-44, 47 149 147 140 12.46 94 43 
Al-II (ES 62 15.5 15.5 154 144 109 44 
Al-II (ES 65 12.1 120 116 104 79 3.5 
Ni-Ag-II (1 52 108 10.7 105 94 74 3.1 
Ni-II (ES ow 11.2 11.1 10.9 99 7.7 38 
S.St. (ES 50, 51 11.1 108 10.3 9.2 1a 3a 
AL-IT (IS 6% 17.0 167 153 131 99 40 
Ni-Ag-II (1 A 11.2 11.1 10 97 7.3 3.3 
Ni-IT (1S 67, &, 70 11.1 109 103 91 69 238 
SSt IS 61, 63 90 90 9 R4 66 30 
Gil S6 16.2 159 150 13.0 91 3.6 
G-IV (FG $ 18.4 182 178 162 128 6.1 
G-V (CG 15.5 15.3 14.7 13.3 10.2 4.2 
theoretical correlations 2.3 between the height de- 


| 


ckness and the transport rates. 


Consequently, -ctive of the present investiga- 


tion has been the study of the variation of film transport 


th the height of the film, with particular empha- 


rates Ww = 

sis on a possible systematic variation with material! and 
surface finish.2 The temperature independence of this 
effect, hitherto tacitly assumed when not completely 
vl ored. has also received care ful attention 


EXPERIMENTAL RESULTS” 


rhe data to be reported were acquired for transport 
tron 4-section’’ beakers of the design shown 1n paper I 
| g. 2 therei 
Eact mipiete er ptying ol tnese apa itor-beakers 
ields four transport rates which will be designated by 


iy 
R,, where n 
numbered se 
n I, Fig. 2. Thus, f 


iit from each day’s run 


corresponding to the similarly 


regions of the « apacitor core shown 


temperature characterist 


kK 

curves res 1 \ complete summary 

of the data for beaker sections 1-3 inclusive is provided 

in Tables I-III, values, abstracted 
smooth curves drawn 


tror 
Irom 


where numerical 


through the experimenta 


points, are reported at conveniently spaced tempera- 
rhe 


tabulated ¢ 


corresponding data for R, have already been 


ind 


tore 
ures 


lsew here are consequently omitted 


here. Since the notation of the present paper is identical 





J. G. Dash, Phys. Rev. 94, 1091 (1954). We are ) 
Dr Dash for acquainting us with these results prior to pt 
* Prelit ary accounts of some of these results h 
en presented: B. Smith and H. A. Boorse, Proces 
Third International Conference on Low Temperature Phy 





Chemistry (Rice Institute, Houston, 1953); B. Smith 
Boorse, Phys. Rev. 94, 772 (1954); B. Smith, Bull. Am 
30, No. 1, 57 (1955 
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Tape II. R2: average transport rate between 1.78 cm and 2.67 cm 


from beaker rim (midpoint at 2.22 cm). 


Rate in cm'/cm-sec) X10 


Specimen Run N 11° «1.3 15° 1.7° 1.9° 2.1° 
Al-I (B 38, 39 13.1 13.0 126 113 82 3.3 
Al-I (B 48 11.9 11.7 109 95 69 29 
ALII (B 55 97 95 90 80 6.2 2.7 
Cu 59, 66 11.5 114 11.3 10.2 74 3.2 
Ni-Ag-I (B 33—35, 37 3S 3237 3 Wes ia Se 
Ni-Ag-IT (B 45, 46, 49 11.5 114 109 98 7.1 2.7 
Ni-II (R 53 12.2 i213 117 6. 7.1 29 
Ag 58 114 113 109 100 74 2.6 
S.St. (B 41-44, 47 114 11.2 110 95 68 238 
Al-II (ES 62, 65 11.7 115 110 96 67 2.4 
Ni-Ag-II (ES 52 94 93 88 78 60 28 
Ni-II (ES OO O23 81 33. 72 57 23 
S.St. (ES 50, 51 90 &.9 8.5 7.8 59 2.46 
Al-IT (IS 68 11.9 11.5 107 92 68 2.5 
Ni-Ag-II (IS 4 9.2 90 8.6 pp i Ae S- 
Ni-II (IS 67, &, 70 98 95 89 78 60 24 
S.St. (IS 61, 63 95 94 93 86 64 2.5 
G-Ul 56 13.3 12.8 11.7 100 74 3.3 
G-IV (FG 54 142 141 13.9 126 9.1 3.6 
G-V (CG 57 13.2 13.0 12.3 11.0 8.2 3.1 


with that introduced in the preceding papers,'? correla- 
tion of symbols, specimen composition, surface condi- 
tion, run chronology, etc., may be established with the 
aid of tables in papers I and II. Since each row in 
Tables I-III of the present paper represents a separate 
rate vs temperature curve, it is clear that space does not 
permit the graphical exhibition of all the experimental 
points, although as has previously been noted,'? a 
rather complete display of the data is vital in a field 
whose history is so filled with conflicting reports. How- 
ever, the original data for Ry have already been pre- 


Tapie III. Rj: average transport rate between 3.11 cm and 
4.00 cm from beaker rim (midpoint at 3.56 cm). 
Rate in cm!'/cm-sec) X104 

Spe 1 Run No 1.1 1.3 1.5 1.7° 19° 2.1° 
Al-I (B 38, 39, 48 10.9 10.7 100 87 63 28 
Al-IT (B 55 92 91 SF Ya Se Zea 
Cu 59 11.0 10.9 10.77 98 7.3 2.7 
Cu 66 95 94 911 8.2 5.9 2.2 
Ni-Ag-I (B 33-35, 37 Ze tee 8S mee Ie CUES 
Ni-Ag-II (B 45, 46, 49 10.5 104 100 90 71 34 
Ni-II (R 53 13.4 13.0 12.1 104 7.1 2.6 
Ag 58 91 91 90 85 69 29 
SSt. (B 41-44, 47 98 97 O95 R86 63 26 
Al-II (ES 62 12.2 118 109 95 67 2.3 
Al-II (ES 65 os @3 26 TA $2 34 
Ni-Ag-II (ES 52 88 88 87 81 59 24 
Ni-II (ES oO Ma. 8s @2 73.29 28 
S St. (ES 50, 51 &.0 79 7.8 68 $51 2.2 
Al-IT (IS 68 10.8 105 97 84 63 2.6 
Ni-Ag-II (IS o4 87 86 82 73 56 25 
Ni-Il (IS 67, 69, 70 94 93 88 76 59 2.5 
S St. ds 61, 63 6 @3 84 3 335 25 
G-lll 56 a3 19 Vs 682 Se 27 
G-IV (FG 5 11.7 11.5 11.1 10.1 81 3.7 
G-V (CG 37 13.3 13.1 12.9 116 86 3.7 
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[RILMETALS 
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20 RUNS 6 RUNS \ 7 RUNS 
fe) | it 1 | 1 | 1 1 1 | | i | rt | [@) 
A LS Lg i L5 9 Ll 1.5 1.9 
T °K T °K vO 
Fic. 1. Average values of transport rates calculated from those listed in Table I for various metal surfaces 
(R;: 0.45 cm to 1.33 cm from beaker rim). The plotted points are calculated arithmetic mean values; the vertical 


lines are drawn to extend above and below the points by an amount equal to the average absolute deviation from 
the mean and the horizontal bars represent the highest and lowest values contributing to each average. The histo 
grams show the frequency distributions of the observed rates at 1.1°K. 


) 


sented (see I: Fig. 8 and II: Figs. 2-6); this should 
prove adequate since there exist one to one correspond- 
ences between the plotted experimental values of Ry and 
those for R;, Re, and R;, which will not be shown. 

As previously noted,* the striking similarity of the 
data for all materials and finishes at each height sug- 
gests an analysis based on the statistical comparison of 
average behavior illustrated in Figs. 1-3 of the present 
paper and Fig. 7 of paper II. Indeed, these results have 
already been invoked in the previous analysis of the role 
of substrate! and surface finish.* 

The variation of transport rate with height for each 
complete isothermal emptying of the capacitor may be 
obtained by plotting R,, against abscissas corresponding 
to the distance of the midpoint of the mth section from 
the rim. Thus, each emptying yields a height depend- 
ence isotherm similar to those plotted by Eselson and 
Lazarev™ and Atkins.” The prohibitive number of such 
graphs (one for every experimental point shown in the 
graphs of R, vs T in papers I and II) may greatly be 
reduced by making use of the fact that this effect was 
found to be temperature independent over the range of 
temperatures which was investigated. This may con- 
veniently be observed by plotting a separate graph of 
the dimensionless ratio (R,,/R,) against temperature for 
each value of n; a complete isothermal emptying pro- 


vides a point on each such graph. Representative results 
are portrayed in Fig. 4 in plots of (R3/R,) vs T obtained 
for a number of materials and surface finishes. Since 
such graphs failed to reveal any dependence on tempera- 
ture, an arithmetic mean of values obtained over all 
temperatures was then calculated for each ratio. A 
complete summary of these average values appears in 
Table IV. Individual values for the three glass runs are 
also plotted in Fig. 5(d). The rows in Table IV reflect 
the observed temperature independent average height 
variation in a conveniently normalized fashion since the 
value (R,/R,)=1 (omitted in the table) is common to 
each row. This normalization may further be exploited 
by averaging items in each column of Table IV which 
correspond to groups of similarly prepared metal beakers, 
This operation yields the graphs shown in Fig. 5(a-c), 
which thus represent a distillation of the information 
available in hundreds of height dependence isotherms. 
The points, vertical lines, and horizontal bars in Fig. 5 
were drawn using the conventions previously described 
in reference to Figs. 1-3. Histograms are included in the 
insets of Fig. 5 to exhibit the frequency distribution of 
actual values in the range observed for one particular 
ratio. For reasons which will later become apparent, it is 
of interest to investigate the possibility of representing 
the data in Fig. 5 by algebraic expressions of the form 
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cance as in Fig. 1 






/ Consequently, the average data have been re- results in subsequent discussion, the conclusions drawn 
ted garithmically in Fig. 6, where successfu will be equally applic able to the other data. 
ec} resenta ) } é expres j S yuld produce 
nt { DISCUSSION 
i y WwW " l } ep lor ¢ iverage 
lata for bored pecimens, it 1s clear that the de partures As mentioned in the Introduction, the present study 
Ol earity are rather pronounced. A rough measure of the height dependence of the transport rate was 
fs 1 oy fure mn sy } ' l fram the ' rry rt . ] + +; , } iY , 
v $s departure may be inferred Irom the line segments undertaken as a precautionary measure intended to 
‘ ive been drawn conne g adjace points o minimize ambiguity in the analysis of the dependence on 
the » lower ves. Values ppropriate to eac substrate! and microfinish.? An undeniable variation of 
egment are e graphs. The curves shown transport rate with film height, regardless of its origin, 
big. 5 were dr lor egral\ es of z suggested by has indeed been observed. The value of the precaution ol 
e range of slopes in Fig. 6: each curve has been scaled comparing only those “determinations carried out in the 
sage ; : 
0 correspond to the observed data at a dist eoflcem same range of the beaker’” has therefore amply been 
from the These curves are ed only for refer demonstrated 
ence in the discuss » follow and are no meraiadl feo The arguments most frequently cited for judging 
previously observed height dependences to be spurious 
convey a 1aeq represe ition ol e experime - ‘ 
do not seem to apply here. For example, the results can- 


resuils ; 
not be ascribed to uncertainties in beaker geometry, 








Direct verification of the consistency of earlier , ; is ; 
; ‘ because the effect was observed for so many beakers 

observations (shown in I: Figs. 4-7 and II: Fig. 1) wit! : , , is 
: ae , ee whose inner diameters had been accurately measured 
those just described is rendered diff bv the different . 1 “"7—e 
er see I ussion of bore measurement). The results 
eights appropriate to the earlier data owever. graphs . * . 

5 i apa iniaaaa en However, graj cannot simply be ascribed to surface roughness since the 
yi Pos j Similar te ig 5 but ‘ iffer ng in the omssion ot " ; ee c % 2 
of K , ar to Fig liffering i — ‘ height dependence persisted even for (IS) beakers.’ 
normanzation, serve verily the Complete CONsIStency There is no reason to believe that contamination in the 
. | the dat etnies ners meeertnssaler beam mneneented 1.3 1.12 te 
Ol ali the data which have previousiy been presented sense discussed by Bowers and Mendelssohn"-” is re- 


hy Ie} sah the wnilt m oe metr } tarrmina . 1 . 9 b 
hus, although the uniform geometry characterizing sponsible for the observations, in view of the leak 
specimens in the final series of control experiments tightness and outgassing precautions which were 
provides a fertile source of easy and direct comparisons, adopted.' Furthermore, the observed rates not only fail 
thereby encouraging almost exclusive reference to these to exhibit the anomalously high values characteristic of 
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Fic. 3. Average values of transport rates calculated from those listed in Table III for various metal surfaces (R,: 3.11 


cm to 4.00 cm from rim 


contaminated surfaces, but are even lower than most 
previous results for “clean metal beakers.’” Finally, 
will be discussed in a subsequent paper,” the tempera- 
ture dependence of the flow was observed to be the same 


as 


(on the average) at all heights. 

The present observations are similar to those de- 
scribed by Atkins® and Eselson and Lazarev,” both 
with respect to order of magnitude and also with respect 
to their conclusion that the film height (i.e., the distance 
of the level of the liquid source from the beaker rim) is 
the significant parameter with which the observations 
may be correlated. Since detailed evidence for this 
conclusion is available elsewhere,” the present dis- 
cussion will be limited to the observation that the effect 
of film height is most vividly observed by comparison of 
filling rates, measured at effectively constant film 
height, with those obtained on emptying which takes 
place at continuously varying film height. 

Asa result of the primary interest of the present work 
in comparing the behavior of beakers of various ma- 
terials and finishes under identical conditions,'* most of 
the systematic observations were made on the emptying 
of beakers which had previously been filled by immer- 
sion. Those filling rates which were measured did not 
appear appreciably different from emptying rates ob- 
tained at comparable film heights (see graphs in papers I 
and II), although other observers have noted measurably 
higher,” as well as lower” rates on emptying. The 
present measurements did not extend to the small level 

*% B. Smith and H. A. Boorse, following paper [Phys. Rev. 99, 
367 (1955) ], designated as IV in the present text 


Symbols have the same significance as in Fig. 1 


differences which have been the concern of some 


investigations.'*.??.°6 

In the absence of any clear evidence for an alternative 
explanation, it seems reasonable to identify the observed 
dependence on height with the similar behavior of the 


film thickness, as has been done by Atkins."* However, 
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Fic. 4. Typical plots of (R;/R,) as a function of temperature for 
some metal and glass specimens. These and similar graphs reveal 
the temperature independence of this ratio for all specimens, 
thereby providing a single average value for each run as shown 
Averages so obtained are listed in Table IV 


*(.S. Picus, Phys. Rev. 94, 1459 (1954). 
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Taste IV. Normalized average height dependence of the 
transport rates. These are erature lepe values (ot 
tained Ir graphs 8 4 s¢ snow r Fig 4) as explained 
he text 
” Ri/ Rate Ri/ Ram Ri/ Ra) mw 
Al-I (B 3% 1.63 1.29 " 
ALI (B « 1.35 1.19 41.02 
Al-I (B 45 1.65 1.2 
Al-IT (B 55 13 10% 101 
Cu 9 ‘ 1.11 1.12 
Cu 66 - 1.31 1.03 
Ni-Ag-I (B 33 1.35 
Ni-Ag-I (B $4 1.40 1 Os 101 
Ni-Ag-I (B 3 1.49 — . 
Ni-Ag-I (B § 1.433 
Ni-Ag-II (B 45 1.38 1.2 1.14 
Ni-Ag-II (B 46 1.33 1.19 1.04 
Ni-Ag- I (B 49 1.28 1.03 1.01 
Ni-Il (R 53 1,29 0.96 104 
Ag 5% 1.68 1.34 1.11 
S.St. (B 41-44, 47 1.54 1.33 1.11 
Over-a average tor achine 
ie., (B } etals | See 
Fig. 5(a 1.47 19 1.06 
Average absolute eviall 
the mear 0.12 0.11 0.04 
ALIT (ES 62 1 $7 — 1.13 
AL-II (ES 65 . 09o5 
Ni-Ag-IT (ES 52 1.19 ().9¢ 0.92 
Ni-II (ES et) 1.41 1.01 1.03 
t (ES <) 1.24 
149 - 119 
+ (ES : 4 119 l 
Over-a average ! externa 
im he } tals [ See 
Fig 1.39 1.14 1.04 
Average abs tk i if 
the ea 0.13 0.10 0.07 
Al-IIT (IS 68 1.57 1.14 1.01 
Ni-Ag-IIT (IS 64 1.34 1.09 1.02 
Ni-IT (IS 67, 69, 70 1.27 1.10 1.08 
SS Is 61. 63 119 1 0.97 
tive 4 iverag i 
ine she Is 1 Set 
Fig. 5(« 1.27 119 1.03 
Average ats ‘ 1 
the mea 0.13 O02 0.04 
G-IIl 56 1.49 1.18 1.10 
G-IV (FG ‘4 1.58 1.24 1.00 
G-V (CG 5 1.23 1.02 1.06 
Eselson and Lazarev,” upon noting a lack of instantane 
ous adjustment to a new equilibrium flow rate when the 
liquid level progressed from the wide upper part to the 


, 
| 
lesigned 


narrow beaker, 


ower part of a specially ¢ 
+} likes 7 “Wy ] r 
e validity of a simpie correiation Wi 


question 


thickness. They suggest that only the initial high rate of 
emptying a full beaker should be as« ribed to the k 


film thickness arising from proximity to the mm 


remainder of the height dependence, which manifests 
| 


itself at considerable distances from the rim, is ther 


depicted as the result of a tendency of the rate to resist 


changes from the initial high value. This inertial effect 


* Although not specifically discussed in their paper, it appears 


that Daunt a Mendelssohn observed a sin 
onginal experiments 


lar efiect tn the 





see reference 6, Fig 
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is said to be more pronounced under conditions of poor 
thermal contact between the bath and the helium in the 
beaker. Even this picture reli sht dependent 
film thickness to furnish the initial tendency for the rate 
to be high, while the exact nature of the special effects, 
as well as the details of the inertial hypothesis, remain 
obscure. The present discussion will therefore be limited 





ies on the height 


i 


to a comparison of the known properties of the film 
thickness with the present flow rates, on the assumption 
that “the rate of transfer is probably a rather sensitive 
measure of the thickness.” 

The calculation of Schiff’ which that 
stationary film thickness should vary as /~ has already 


predicts the 
been discussed in connection with the size of the helium- 

Although some- 
renkel™ to predict 


substrate interaction [see I: Eq. (2 

what similar considerations also led F 
the same functional dependence of the thickness on h, a 
variation with 4~! was derived from other assumptions 
by Bijl, deBoer, and Michels.” 


mental results are traditionally compared with functions 


Consequently, experi- 


of the form h 
appropriate values of z. Temperley** 
tures of both these theories in a quantum-mechanical 


(Rn/Re)vs h 
2 


/* to provide numerical estimates of the 
incorporated fea- 
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Fic. 5. Average normalized dependence of transport rates on film 
height for various materials and surtace finishes 
*H. N. V. Temperley, Proc. Roy. Soc. (London) A198, 438 
1949 
*™ L. IL. Schiff, Phys. Rev. 59, 839 (1941 
» J. Frenkel, J Phys. (U.S.S.R.) 2, 365 (1940 


Bijl, deBoer, and Michels, Physica 8, 655 (1941 














He t1 FILM 
treatment which leads to a qualitatively similar result 
which cannot be reduced to such a simple algebraic 
relation between thickness and height. Atkins® has also 
deduced a more complicated result which yields a value 
of s between 2 and 3, if an approximation of the form 
h-/* is sought. A discussion of the merits and limitations 
of the various theories will be omitted here in view of the 
availability of two excellent review articles which have 
recently appeared.>:* 

It must first be noted that the variation with height of 
the present transport rates has been found to be 
temperature independent over the range which was 
investigated (see Fig. 4). This compares favorably with 
a similar temperature independence exhibited by the 
film thickness in both optical™ and gravimetric®® studies. 

Only Temperley® has made a serious attempt to 
propose a theory of the variation of film thickness with 
temperature. His work leads to three possible results 
depending on three different assumptions which can be 
made in comparing the energy attributed to the lowest 
state of the liquid with the energies of the film states. 
One assumption leads to a constant film thickness below 
the lambda point, another leads to a vanishing of the 
film at absolute zero, and the third implies that the film 
thickness should exhibit a maximum below the lambda 
point. Temperley notes that “it is not possible to predict 
a priori which of these three assumptions should be 
made,” although he suggests “‘a little evidence” in favor 
of the third possibility. This consists, in part, of the fact 
that the observed proportionality of transport rates to 
the minimum perimeter presented by surfaces can be 
correlated with the third assumption in a fairly obvious 
manner. Supplementary evidence is based on experi- 
mental data available at the time (1949), from which it 
was inferred that “the rate of transfer seems to pass 
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Fic. 6. Logarithmic replot of the average data of Fig. 5 to 
determine the applicability of the functions shown therein to the 
data. 

#K.R. Atkins, Can. J. Phys. 32, 347 (1954) 

*R. B. Dingle, Phil. Mag. Suppl. (Advances in Physics) 1, 111 
(1952). 

“FE. J. Burge and L. C. Jackson, Proc. Roy. Soc 
A205, 270 (1951). (Also, see reference 40 

%* R. Bowers, Phil. Mag. 44, 1309 (1953 
(1953). 


(London) 


; Phys. Rev. 91, 1016 


TRANSPORT. 


II] 365 


Tasie V. Comparison of values of z obtained by fitting meas- 
ured variation of film thickness with height* to the functional 
dependence 4~“’*, 


Range of 
film height Refer- 
Substrate cm) T°K s Method ence 
Glass 0.5-5.0 1.47 7 Oscillations 36 
Glass 0.3-1.0 1.47 ~2 Oscillations oy 
Glass 1.0-4.5 1.47 ~10 Oscillations 
Glass 1.3-1.9 1-2 Oscillations 26 
( 0.25-1.2 1.5 2.9-3.1 Optical, stati “4 
film 
Stainless steel 0.15-1.5 | 358 Optical, static 34° 
covered by 0.15-1.5 2.1 2.5 Optical, stati 34° 
barium stearate 04-1.6 2.05 23 Optical, static 40 
0.25 ? 2.5 Optical, mobile 34° 
1 ? 8-12 Optical, mobile 34° 
Aluminum 03-79 1.25-215 220.3 Gravimetric 35 


*In a paper which appeared after the preparation of this manuscript, 
L. Meyer (Phys. Rev. 97, 22 (1955) ] offers an interesting discussion and 
interpretation of “the great variety of the experimental evidence” to be 
found in reports of the thickness of the static helium film as a function of 
height. 

+ As noted by Daunt and Smith (see reference 5), these values must 
pape be corrected in accordance with later observations reported by 
.. C. Jackson and D. G. Henshaw [Phil. Mag. 44, 14 (1953) ]. See reference 
40 for those details of the required modifications which have thus far been 
reported. 


through a maximum at 1.6°K to 1.8°K,” thereby sug- 
gesting that “the film thickness passes through a maxi- 
mum here also.”’ Since later measurements have shown 
that neither the thickness** nor the transport rates'?** 
normally exhibit such maxima, it might be profitable to 
develop the consequences of the previously ignored first 
assumption in a more quantitative fashion. The fact 
that Temperley’s calculation does not predict a maxi- 
mum on an a priori basis seems to have received 
inadequate attention in the literature. 

The results for individual runs have been listed in 
Table IV so as to provide a basis for detailed comparison 
of the present observations with future theoretical and 
experimental studies. In view of the current status of 
both theory and experiment,’ *** it seems reasonable to 
restrict the present discussion to the average dependence 
of the transport rate on height which is shown in Fig. 5. 
In such a discussion it must always be remembered that 
Table IV and Fig. 5 indicate variations from run to run 
and specimen to specimen to which the remarks made in 
connection with the analysis of the role of substrate! and 
microfinish? also apply. Here too, the difficulty of 
exacily duplicating beaker surfaces is worthy of atten- 
tion. For example, the film thickness data which will be 
cited for “clean surfaces” may be compared with 
Atkins’ report” that the film thickness varied as /~' on 
contaminated glass surfaces. Atkins has also observed a 
thickness on soda glass which had been cleaned with hot 
distilled water, which differed from the thickness he 
measured for lead glass cleaned in hot chromic acid, 
although the film “had the same shape in the two 
cases,’ 

Table V the 
functional dependence of film thickness on height as 
reflected by values of z in expressions of the form A~"’*. 
Comparison with Fig. 6 indicates that the results are 


summarizes available data on the 


*K.R. Atkins, Proc. Roy. Soc. (London) A203, 119 (1950). 








366 B. SMITH AND 


the fun too 


ption 


tion 
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indeed similar; although appears 


simple for an adequate descri logarithmic 
plots of Fig. 6, this inad 


Ader masked in 
the curves shown in Fig 


juacy is virtually 
5. These curves were drawn 
solely for the purpose of demonstrating this observation 


and do not reflect any attempt to provide the best 


possible fit to the data. In both thickness and flow rate 


determinations, the trend is toward larger values of z at 


greater heights. The scatter of the fu 


aoe 
present neignt de 
pendence data, as well as the actual transport rate data, 


was found to be greatest at small film heights. While 


this effect cannot be dissociated from the increased 
uncertainty inherent in measurements of the shorter 
times associated with higher rates,' one must not 


overlook poss ble corre lation witl oth eT effe: ts suc h as 


the drop formation which has on occasion been observed 


In association with proximity of the liquid level to the 
rim.*” It must also be noted that the validity of the 


} ; 
+} the present data 


comparison of values in Table V wi 


on flow rates may be limited 


by the different geometrical] 


conditions of the various experiments. For example, the 


gravimetric measurements” refer to the film thickness 


on a sheet of aluminum foil, the optical measurements 
determine the thickness of the film on the outside wall of 
a beaker, and the oscillation studies**** are performed 


only at small! level differences, whereas the present flow 


data should be correlated with the thickness of the film 


on the inner beaker wal! di 
| 


iring emptying. Comparison 


’ ’ f the th 





should also be nn tO measurements Ol ICK 
ness of mobile rather than stationary films. 
It has been suggested that the expression 

mv.)\d~h (1 

where (m is the average critical momentum of the 

superfluid particles and d is the film thickness or channe 

width, might describe superflow in liquid helium 1.° If 

m is then associated with the atomic mass of helium, 


rather than some effective mass which might depend 


implicitly on other parameters, it would be expected 
that any variation of d with height should be counter 
acted by a variation of v. tending to maintain the 
constancy of the product 2d. Consequently the trans- 


is expected to vary as vd on dimensional 
grounds, would also be height independent.® In 


port rate, which 


spite o 
pi i 


Stan« 


lard 
Washington 25, D. ( 1952) py 
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the interesting features embodied in Eq. (1), its status 
with respect to the helium mu problem is not sufficiently 
established in theory or experiment to justify the rejec- 
tion of experimental observations which seem to conflict 
with its consequences. For example, although Eq. (1) 
implies »,.« d~', Mott** has proposed a model in which 
v-«d~', and a recent calculation by Dash” also leads to 
the latter dependence. Experimental evidence for the 
invariance of the product 2,4! is cited by Dash,” while 
Daunt and Smith® conclude that the experimental 
“does not allow a completely clear choice” 
between the two alternative relations connecting v, and 
d. Atkins® has called attention to evidence that “vd is 
not a constant but increases with d.” 

Dash™ has also suggested that the transport rate 
might vary with height as the square root of the 
thickness dependence on height. Such a variation (i.e., 
R«h-*, when d«h~’*) would also be consistent with 
the present data if one uses the smaller values of z 
shown in Table V for the film thickness. A more com- 
plete comparison must await further study of the film 
thickness as a function of material, finish, temperature,” 
etc., in both theory and experiment. 


evidence 
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the thickness of the helium IT film was 

great ased by the presence of an extremely thin layer of 
¢ air the surfac the ror.” These observations are 
1S great interest, not only in the present context, but 
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Helium II Film Transport. IV. The Role of Temperature* 
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The study of film transport, inaugurated in previous papers in this series, is concluded with a statistical 
analysis of the temperature dependence of the transport rates, with particular attention to the possibility of 
detecting systematic variations with substrate, surface finish, and film height. Analysis of 153 rate vs tempera 
ture characteristic curves reveals that the temperature dependence of the transport is relatively insensitive to 
changes in the aforementioned parameters. The functional dependence of the normalised, average transport 
rates for all materials, finishes, and film heights discussed in papers I-III, is given by [1—(7/T))"], in the 
temperature range under investigation (1.1°K < 7<T7)). These results are compared with various theoretical 
predictions based on the two-fluid model of liquid helium as well as with relevant reports of other observers. 


INTRODUCTION 


HIS, the fourth and final paper in the current 

series of studies of helium 1 film transport,!~ is 
concerned with the clarification of the answer to the 
question: How do measured transport rates vary with 
temperature? 

A suggestion by Daunt and Mendelssohn‘ that the 
variation of transport rate with temperature might be a 
measure of the concentration of superfluid atoms was 
subsequently bolstered, in a modified form, by a 
theoretical argument due to London. Although London 
was then forced to conclude that the experimental evi- 
dence was too scant to permit safe generalization and 
that it would be very desirable to have more data 
available, only one previous study® of transport rates 
includes data (for glass, platinum and nickel) which 
have been analyzed with respect to the actual functional 
form of the temperature dependence. Furthermore, 
unusual rate vs temperature characteristic curves (ob- 
served for Lucite)’:* have been the source of suggested 
interpretations of the role of surface finish.’ A recent 
theoretical prediction by Dash® has also emphasized the 
need for more experimental evidence. 

The present objective has therefore been to study the 
functional dependence of the transport rate on tempera- 
ture, with particular emphasis on possible systematic 
variations with material, surface finish, and film height. 


* Assisted by the Office of Naval Research and the Linde Air 
Products Company. 

t Present address: Bell Telephone Laboratories, 463 West 
Street, New York 14, New York 


t Barnard College, Columbia University, New York 27, New 
York. 
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EXPERIMENTAL RESULTS” 


In analyzing the functional dependence on tempera- 
ture, it has been found convenient to normalize the 
rates to unity at 1.1°K; although measurements have 
been made at lower temperatures, this represents the 
lowest temperature at which data were obtained with 
satisfactory consistency. The characteristic curves are 
automatically coincident at the high temperature ex- 
treme (lambda point). Further normalization anywhere 
other than at the low temperature extreme would then 
yield a deceptively exaggerated similarity of plotted 
curves, since little opportunity for departure of the 
curves from one another would be available within the 
resultant short range of all points from the normaliza- 
tion temperature. Using data and notation cited in 
previous papers,'~* division of each value of R(T) by the 
corresponding value of R(1.1°) accomplishes the desired 
normalization. The similarity of the results so obtained 
for all heights and finishes (see papers I-III) is striking, 
and may be observed for metals from the average values 
and average absolute deviations from these mean values 
as indicated in Table I. In order to insure that the 
deviations represent appropriately conservative esti- 
mates, all less than 0.01 have 
arbitrarily been listed as 0.01. For comparison of the 
over-all average obtained from 132 curves for metals, the 
results of similar calculations for all glass and quartz 
specimens’ (including those studied with other than 
“4-section” depth gauges)! are also given. The latter two 
sets of averages are plotted in Fig. 1 where the calculated 
average absolute deviations from the mean are in all 
cases no greater than the size of the plotted points. The 
horizontal bars showing the extreme values encountered 
at each temperature, as well as the histograms por- 
traying the frequency distribution of observations at 
1.7°K, where the distance from both normalization 
temperatures accentuates the dispersion, serve to com- 
plete the statistical picture. The calculated curves, 
based on the indicated seventh power dependence on 
temperature, were drawn after suitable logarithmic 


values of deviation 


” Preliminary accounts of some of these results have already 
been presented: B. Smith and H. A. Boorse, Phys. Rev. 94, 772 
(1954); B. Smith, Bull. Am. Phys. Soc. 30, No. 1, 57 (1955). 
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TABLE I. Summary of average nort 
ence of the transport rates. Entries represer 


quantity [R(T)/R(1.1°K) ] appropriate to the ter 
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Average 


malized temperature 





) headings absolute deviations from the 








cated im colur ‘ 
an are given in ce nns headed ““A.d where values jess thar 
0.01 have been listed as 0.0! as noted in the text). For a description 
ot he pertaining to beaker sections 1—4, finishing proce $s 
specimen compost and other experimental details, set 
papers I-III 
Beaker : 
sect 1.3°h 1.5°K r 1.9°k 1°K 
n \ 4 Av \ 4 A \ 4 4 
Machine metal Data r 8 ope " s, averaged 20 
i 0 98 001 094 OO! O84 OO1 of 001 0.29 OO3 
2 0.99 O01 0% 0.01 O84 00 060 00 0.24 00 
; 099 O01 0% O60 ORS 0.03 0.46 0.04 0.2 0.04 
4 ov” 001 09 0.0) O.84 00 06 0.0 0.25 0.03 
Laternally superfinished met ata 4 oye ens, average er6 
1 0” OO 0% O00 Os 0.03 06 0.0 03 0.0 
09” ool oOo ool OBS 0.03 063 0.04 0.26 004 
; 099 OO1 0.96 003 O# 0.04 064 004 0.26 00 
4 097 OO 0% OO Oa8sS OO 06 0.05 0.25 0.05 
Internally super - metal Data for 4 specimens eraged o 
| 097 OO! 0.95 0.03 OBS 0.05 0.65 oOOos 0.28 0.04 
0.9 00 0.91 ool O80 OO! 060 00 0.24 OO} 
; ow ool 0.94 0.02 O.aS 0.03 063 001 0? ool 
4 0.9 OO! 5 ool O84 OO4 061 0.02 0.24 OO1 
A average* 132 K & 
f € e Fig. 1 
\ OW” 0.95 0.84 0.63 0.26 
Oo lla P LA g 
Fig. lia 
ay 0.98 0.94 O84 0.62 0 
* Ave ar r ‘ 2 2 
" as ‘ 0.0 


plots yielded straight lines of slope seven. Comparison 


of the plotted points with the calculated curves and 
other values indicated in Fig. 1 is reserved for the dis 
cussion to tollow 


DISCUSSION 


1 that the 


ol the transport rates was so 


It may be observed from Table I and | lg. 
temperature dependence 


insensitive to variations in beaker material, microfinis! 


and height of the film, that observed differences were 


unsystematic and could not definitely be ascribed to 
changes in these parameters. The difficulty of exactly 
reproducing beaker surface conditions'* must again be 


‘ +} 


considered in any attempt to evaluate the significance of 
small differences between the results obtained on sepa 
Although 


alreac ly been presented 


rate runs enough tabular information has 


to permit the analysis of the 


temperature dependence of many individual runs, the 


‘ 


current status of theory and experiment does not 


to warrant the extension of the present discussior 


bevond the consideration of the average values shown in 


Table I and Fig. 1. The shape of the histogram 
Fig. 1{b) also encourages reliance on the statistica 


pi ture 


Before discussing this average behavior, it is well to 


recall that departures from the pattern exhibited u 
Fig 1 have received some attention 1 the terature 


* the maxima he observed 


According to Chandrasekhar, 
in the R vs T curves for transport over methyl metha 
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observed 
as being 
giving a 


crylate polymers, “‘seem to indicate that the 
flow on Lucite and Perspex can be regarded 
composed of two parts: (1) pure film flow 
characteristic similar to the one observed on glass; (2) a 
pressure dependent flow of bulk helium, which takes 
place when the surface irregularities are of a shape and 
size favorable to this type of syphon flow. The maxima 
in the flow characteristics would require this type of flow 
to decrease with decreasing temperature.”’ Support of 
this conclusion is adduced* from the observation that 
the most pronounced maximum was obtained for a 
Perspex surface which showed a rough streaky structure 
with ridges and valleys about 10~* cm wide. 
It has already been noted!" that the results ob- 
tained for Lucite in the current study of the role of 
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ependence of the 


* Table I), (a) averaged over 21 


averaged over 132 curves for 


Pep aiues at some tempera 
these values with the average data 


yperatures. Details of specimen 
machining and supertinishing 
te to various beaker sections 
letails may be determined by 


in this series (I-III 
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He t1 FILM 
substrate do not exhibit such a maximum (see I: Fig. 7). 
Furthermore, the 10~* cm wide ridges do not seem very 
significant in view of the conventional results obtained 
for the channels about 5(10)-* cm by 2.5(10)-* cm in 
size which covered the surface of a broached nickel 
beaker in work previously described.? A recent search 
for anomalous flow in glass capillaries has also yielded 
negative results.” Transport rates, for the comparatively 
rough specimens of glass and metal used in control 
experiments on the role of microfinish,'* did not display 
maxima in R vs T curves. 

It is also noteworthy that transport rate characteristic 
curves with and without such maxima have now been 
reported not only for plastics, but also for platinum® and 
glass,* while Mendelssohn and White® remark that this 
“peculiar fall of the rate with lower temperatures - 
was also observed on glass beakers by Daunt and 
Mendelssohn.” The evanescent nature of such behavior 
was vividly portrayed in some of our early experi- 
ments," in which capacitor design and reproducibility 
from run to run were being investigated. As is evident 
from Fig. 2, a maximum was observed for transport over 
a machined nickel beaker (run 5) which, except for 
outgassing,’ was left undisturbed in the cryostat be- 
tween prior and subsequent runs which did not reveal 
such behavior (runs 4 and 6). Thus the size and shape of 
surface irregularities were unchanged while the rate- 
temperature characteristics varied. (Since Jater work? 
indicated that the transport rates vary considerably 
with height in the range used here (between 0.5 cm and 
3.5 cm from the rim), the absolute values of transport 
rate in Fig. 2 can be interpreted only in connection with 
the discussion of height dependence presented in paper 
III. When so interpreted, these data are consistent with 
the other results obtained for nickel.)'~* 

It thus seems appropriate to add a note of caution 
about the interpretation of data from which the exist- 
ence of transport rate maxima has been inferred. On 
perusal of the graphs illustrating this effect,** one is 
immediately struck by the comparatively small number 
of experimental points which serve to justify the 
curvature ascribed to the rate-temperature charac- 
teristics. This is also true in Fig. 2, where run 5 ended 
before more data could be secured at the lower tempera- 
tures. Furthermore, on some occasions, it appears from 
plotting experimental values in chronological order in 
the present experiments that, had some runs ended 
earlier, a somewhat distorted view of the final rate- 
temperature characteristic would have been obtained. 
Consequently, it would appear that only repeated and 
painstaking traversals of the entire range of accessible 
temperatures may be used to gauge the true scatter of 
the data with sufficient accuracy to establish the shape 
of a particular curve. 

In view of these considerations, it will henceforth be 


3 Dyba, Lane, and Blakewood, Phys. Rev. 95, 1365 (1954) 
“ H. A. Fairbank and C. T. Lane, Phys. Rev. 76, 1209 (1949 
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Fic. 2. Transport rates over nickel specimen Ni-(B) (see papers 
I and II for beaker identification), averaged over region between 
0.5 cm and 3.5 cm from the rim. Interest in these results centers in 
the variation of curve shape from run to run, although the 
specimen remained in the cryostat and was merely outgassed be 
tween runs. The magnitudes may be compared with data obtained 
in other experiments only if the previous discussion of height 
dependence (reference 3) is used to interpret the results; such a 
comparison indicates that these data are consistent with the 
results obtained for this and other specimens on other occasions 
(see papers I-IIT) 


assumed that the occurrence of maxima in R vs T curves 
is not a fundamental property of the transport. 
Mendelssohn and White* observed that their data on 
glass, platinum and nickel, when normalized at 1.4°K, 
were fairly well represented by an expression of the form 


[1—(7/T))*), (1) 


with o equal to 6, except for the lowest rates obtained 
with an unbaked glass specimen for which a= 8 seemed 
preferable. They noted that in spite of the variation in 
absolute value by up to a factor of approximately 3, the 
shape of the transfer curves was almost identical. The 
present data, when averaged over all heights, materials 
and finishes, follow expression (1) with o=7, very 
closely throughout the entire temperature range under 
investigation. The extent to which this is really charac- 
teristic of all the data is revealed by the separate 
analysis of the data for glasses and metals (Fig. 1), as 
well as by the size of the absolute deviations from the 
mean listed in Table I. 

Since it has been suggested that the analogy between 
superfluidity in helium and superconductivity proposed 
by Daunt and Mendelssohn‘ implies that “the ratio of 
the density of the normal constituent to the total 
density can be evaluated from the curves for the rate of 
volume flow,’ values of the ratio of superfluid to total 
density (p,/p), are included for comparison in Fig. 1. 
(These have also been normalized to unity at 1.1°K.) 
Although expression (1), with a value of about 5.5 for ¢, 
is a convenient first approximation®* to the concentra- 
tion of superfluid atoms in the temperature range of 
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study of tl 


interest, it is known that a careful j € experi- 


mental results for (p,/p) does not yield detailed agree- 
ment with the result of inserting a unique value of ¢ 
in (1). Consequently, the points associated with (p,/p 

ulated directly from the experimental! 


disk'*."* and second sound"’ 


in I ig 1 were cal 


r 
data obtained in oscillating 
experiments above 1°K 


From Fig. 1 it is evident that although the normalized 


flow rates show a definite similarity in temperature de- 
pendence e { OTMAUIZeCU Va mn yi Ps Pp), 
resemblance'* may be largely superficial in view of the 
forced agreement of the normalized curves at the 


ambda point ind at 1.1°K. In judging such agreement 
j 


t must be kept in min is SO insensitive to 


ue ol o that when a family of normalized curves 
I ir to those snown i | 4 1 is p ytted lor various 
values of o, comparison, at 1.75°K where differences 
uppear most pronounced, shows that the result for 7=6 
liffers from those for ¢=4 and o=8 by only 20 percer 
and 12 percent respective 
Since the experimer! V ies of (p,/p) are regarded as 
ae establis ec] € sig! ince t pe att ed to the 
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seventh-power dependence of the average flow rates is 
not clear. The expectation that the transport rate should 
reflect the variation of (p,/p) in a detailed rather than a 
superficial manner is not sufficiently rooted in an ex- 
plicit theory for the consequences of the apparent 
contradiction to be discussed.” Preliminary studies’*” 
have indicated that valuable information may be forth- 
coming from extension of the measurements to very low 
temperatures. 

Dash’ has recently proposed a model which includes 
the possibility that the flow rates should vary as the 
square root of (p,/p). Typical normalized values of this 
quantity, based on the experimental data for (p,/p), are 
also shown in Fig. 1. This function appears to rise too 
steeply from the lambda point to be consistent with the 


present data 
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Radiation Flux Field Outside of Stars and Spherical Reactors 


M. A. MELVIN 
Department of Physics, Florida State University, Tallahassee, Florida 
(Received December 23, 1954; revised manuscript received March 23, 1955) 


The energy density U, flux density F, and pressure P in the field of a hot spherical system, are here 
investigated along with their neutron-flux analogs. General expressions for U/, F, and P are obtained and 
evaluated in particular (1) outside of spherical bodies radiating according to Lambert’s law of isotropic 
radiance, /=constant, and (2) outside of stars or spherical reactors. Radiative (or transport) balance within 
a star (or reactor) leads to an angularly dependent radiance, / (cos@), from the outer surface. Assuming J to be 
given up to quadratic terms in cos@, analytic expressions for U and P are obtained. It is further shown how 
one may use known exact numerical values for the radiance and its derivatives, at cos@=0 and 1, to give 
still better analytic representations. For many purposes where one wishes to carry out calculations involving 
U or P, it is convenient to have simple analytic approximations for these quantities; such approximations, 
are here given in the form of simple Lambert-law expressions multiplied by suitable factors 


1, DENSITY, FLUX, AND PRESSURE IN THE FIELD 
OUTSIDE AN EMITTING SPHERE 


HE problem of neutron transport through a 

spherical shell of scattering material is the same 
mathematically as that of radiative transfer through 
the photosphere of a star.! The corresponding plane- 
parallel problem has been discussed extensively in the 
literature. In the plane-parallel case, the problem of the 
field outside the photosphere is of course solved once the 
emergent angular distribution of intensity is known. 
For the spherically symmetric case there remains the 
subsidiary problem of determining the way in which the 
flux field falls off with distance, and it is with this 
problem in its general setting that we are here con- 
cerned. A point-source approximation is valid only at 
large distances and may lead to significant errors if 
applied locally. 

The transfer problem in astrophysics is older than 
the neutron transport problem, and there exists a con- 
siderable literature on it. It is therefore perhaps ad- 
visable to use the astrophysical terminology, or the 
necessary generalizations thereof to the spherical case. 
Suppose that we are given a general flux of radiation 
in matter-free space. We consider a field point P, and 
wish to know the radiation energy contained in a unit 
volume located there. For simplicity of imaging, and 
for use in the subsequent discussion, we take as a test 
volume at P a little sphere of unit projected area; i.e., 
the radius is 1/\/r and the volume is 4/3\/z. Let us 
call this the test sphere. Clearly, if the amount of 
energy flowing through the test sphere per second in 
any single direction is $8, the amount contained in it at 
any moment is 48/3c\/x. Thus the energy density of the 
singly directed radiation is simply $/c. To find the 


! This is true provided one makes the assumption that the photo- 
sphere is “grey’’, i.e. that the absorption coefficient is the same 
for all frequencies; the corresponding assumption in the neutron 
case is that the neutrons are scattered without change in their 
velocity. The astrophysical-diffusional correspondences are dis- 
cussed by V. Kourganoff in Basic Methods in Transfer Problems 
(Oxford University Press, London, 1952), pp. 19, 21, 37-39. We 
indicate below how one may translate from astrophysical terms 
to neutron transport terms 


total energy density at P, U(P), we must integrate 
8/c over all directions. 

In practice one usually has to deal not with singly 
directed but rather with angularly distributed streams 
of radiation. Thus, as a basic photometric quantity, we 
adopt the standard definition of the intensity J in a 
a given direction at any point: J is the directed energy- 
current density at the point. More explicitly, consider 
a unit test area normal to the given direction ; construct 
on it, and about the given direction as axis, the trun- 
cated cone flaring out with a unit solid angle. Then J is 
defined as the amount of energy, with directions within 
the unit truncated cone, which enters the unit normal 
test area per unit time (erg cm™ sec™! sterad™'), 

So far we have been considering the intensity any- 
where in space. Now, given a steadily radiating spherical 
body of radius R with center at S (Fig. 1), take any 
surface element on the body do at a point Q. Let 6 be 
the angle between the normal to do and the line in the 
test direction. The angular distribution of intensity /, 
outwardly directed, in the field just in front of do is 
called the “radiance” of the surface at that point.’ In 
general it is some function of @, but if Lambert’s law 
in the later 


, 


holds it is constant. For convenience 
analysis we write it rather as some function of cos8, 


I (cos#). The amount of radiation emitted from da, which 


ci 





yl 
< 
“ 


$ p® 


Fic. 1. Geometrical relations governing the field at an outside 
point P due to a flux from Q. The angle @ is measured from QP 
to the outward-directed normal at Q 

* This is the term used in the astrophysical literature. See M. 
Minnaert, The Sun, edited by G. P. Kuiper (University of Chicago, 
Chicago, 1953), p. 88. In the general physical literature Lambert's 
law is often assumed to start with, and / is then expressed in terms 
of the concept of “photometric brightness” or “luminance.” 
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will just intercept the test sphere at P, is then 
dF =I] (cos@)da cos6, Aw=I1(cos8) cos(1/2)do, (1 


where Aw is the element of solid angle subtended by the 
unit projected area of the test sphere at the distance z 


from Q 
Introducing the dimensionless measures of distance, 
pyr R, {=z R, 
and the abbreviation 
pw =cosb= (p’—1—¢*)/2¢ 


(therefore (=4/(u?+p?—1)—uw], the flux contribution 


from an elementary ring around SP as axis may be 


shown to take the form 


2x m 
I pi) du, 1°) 
p p'+p’—1)! 


where we have made use of the relation 


dt ¢ dy) (yu?®+-p*—1)! 


There are three quantities in which one would be 
reactor 
at P 


which is 1/c¢ times the integrated flux from all the con 


interested in an astrophysical or spherical 


problem. First there is the total energy density L 


tributing surface elements on the radiating sphere. The 
corresponding quantity for a spherical reactor is the 
neutron flux density, commonly denoted 9; in a parallel 
stream it is equal to the volume density of neutrons 
times their velocity. The two other quantities which are 
of interest are the normal radiation-flux density F (cor- 
responding to the neulron-current density, commonly 
denoted J) and the radiation pressure P at any point 
in the field. Consider the energy flux through a unit 
area at P normal to PS. Clearly the elementary con- 
tribution to this flux from an element of surface at Q 
will differ from (1) only by the factor cos¥, where ¥ 
is the angle between PS and PQ th 


rhe integral over the 


total contributing area gives the normal flux density 
at P 

Correspondingly, ass 
fectly 


pressure on 


iming the unit area to be per- 


contribution to the 
multiplied by cos*¥. With the 


help of the geometry of the triangle PQS, we find: 


absorbing, the normal 


it will be (1 


cos¥ u?+p?—1)'/p 2 
T} | tacethe he enera lenctwu th TY) +] 
is, a oge er, the energy density, the norma x 
density, and radiation pressure at P are 
l wichu(p), wp)=2p f lulp/ (p?—1+4 3 


F=nf/p’, f of uly, 
P=(x/c)p(p), p(p)=2p f ipl u(p?— 1+")! 


s 
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We see that, unlike U and P, F continues to be given 
by an expression of the same form as in the case of a 
point source. The quantity xf is the net flux of radiation 
per unit area per second from the sphere, and f is the 
mean intensily over the apparent disk of the sphere, as 
viewed from an infinitely distant point (@=¢): 


I 
f= [tute | f uto=2 f Tydy. 


Further, it will be noticed that between the first and 
third integrals there is a simple relation which allows 
one to check any independent evaluation of the two: 


u=3p+pdp/ dp. (6) 


lhe first term on the right reminds one of the relation 
which holds for isotropic radiation in an enclosure, 
U=3P. 

From the form of the integrals (3) and (5) it is easy 
to establish that, whatever be the law of radiance at 
the surface of a spherical radiator, the following ine- 
qualities hold between its field and that of the equiva- 
lent point source located at the center of the sphere and 
emitting the same total flux: For any spherical radiator 
the radiation density is greater and the pressure is less 
than for the equivalent point source. Equality with the 
point source field is approached as the distance from the 
sphere goes to infinity; and the familiar relations 
U=P=F/c then hold. 

For p=1, the three integrals (3), (4), and (5) go over 
smoothly into familiar astrophysical (neutron-trans- 
port) integrals,' which apply in the interior of the steliar 
atmosphere (neutron scattering shell). These are listed 
in Table I. Up to this point, J was the surface radiance. 
Within the atmosphere, 7 becomes the local intensity, 
I(r) where r measures the depth below the surface ; the 
change in the lower limit of the integrals for the interior 
case is connected with the fact that the radiation now 
omes from all directions and is not limited to the an- 
gular region 0 <u <1. At the surface there is no inward 
flow of radiation, i.e., 


u <0, 


(J - [ =0 for 
and the corresponding integrals join smoothly. In Table 
I we have also attempted to clarify the correspondences 
between the various confusing notations and _ter- 
minologies used in the astrophysical and neutron- 
transport literature. 

In the neutron-transport case, Placzek and Seidel? 
use ¢ for depth and consider the inward direction as 
positive. For the density of neutrons having direction 
cosines between u and u+dy, they introduce the func- 
tion 

¥(s, —w)~2/ (ryu)/f(0), 
which corresponds, as we have indicated, to the astro- 
physical 7. One sees that y represents the neutron dis- 


1G. Placzek and W. Seidel, Phys. Rev. 72, 550 (1947 
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TABLE I. Classification and interpretation of the radiation density, flux, and pressure integrals, u, f, and p, which occur in the 
problem of radiative transfer through a photosphere (or neutron transport through a scattering shell). In the tier labeleds“Significance” 
are given first the physical interpretations or relations which u, f, and satisfy under general conditions (i.e., inside or outside the 
radiating sphere). Then the special re lations which apply when the integrals are evaluated at the surface of the photosphere are given. 
In the tier labeled “Interior continuation” are listed three familiar transfer theory integrals which may be regarded as the continuation 
into the photosphere of our outside u, f, and p integrals. In the remaining tiers, an attempt is made to correlate the vasious notations 
and terminologies used for these integrals i in the } acteaphy sical and neutron-transport literature. 


Radiation-flux quantity / 
Neutron-current ¢ quantity J 


General: 
F/: normal flux density/* 


Radiation-density quantity « 


Neutron-flux quantity Pressure quantity » 


Suggested name and symbol 


General; 
Pc/m: radiation pressure X ¢/r 


General: 
Significance Uc/x: energy densityX¢/x 
4/ : 4X average intensity 
Evaluated at surface: 
mean intensity over disk as viewed 
from infinity 
intensity of equivalent Lambert 


radiator 

Interior continuation : u— u(r) =2f4, T(r y)dp Sa f(r) =2 Sf", (1 ,u) udu po p(n) =2f3, 1 (rw) wtdy 
Symbols for the interior 4/: 4X “average flow of radiation” (§§=4H: “mean intensity over disk” 4K 

continuation used by: (p. 4) (p. 6) 

Woolley and Stibbs* = 

Kourganoff® 4]: 4X“‘mean intensity” (p. 12) : “integrated flux” (p. 16) 4h 

(Schwarzschild) 
Chandrasekhar® 4]: 4X “average intensity” (p.4)  F: “net flux/x” (p. 2) 4K 
Placzek and Seidel@ u(r) /f(0)~¥o(z) “neutron density” f(r) /f(0)~7(s) “current density” 
(plane case) (normalized to unit current 


density) 


* Woolley and Stibbs, The Outer Layers of a Star (Clarendon Press, Oxford, 1953). 
>V. Kourganoff, Basic Methods in Trens} er Problems (Clarendon Press, Oxford, 
¢S. Chandrasekhar, Radiative Transfer (Clarendon Press, Oxford, 1950). 

4G. Placzek and W. Seidel, Phys. Rev. 72, 550 (1947). 


1952 


2. CASE OFJLAMBERT’S LAW. CASE OF RADIATIVE 


tribution normalized so that the current density j is 
TRANSFER_IN THE QUADRATIC APPROXIMATION 


equal to unity. 
1 


j--f py (2,u)du= 1. 
1 


That the integral is always equal to 1 follows from its 
being the expression for f(r)/f(0) in our notation; by 
reason of the conservation of energy, f in the interior, 
just as in the exterior, is always a constant, for a system 


If Lambert’s law of emission is obeyed, as is true 
exactly for a black body® and approximately for many 
surfaces, we have 

I (u)= 7 =constant, 


and we find 


: ng ee , 3 
in a steady state. This is true not only in the plane case, _ 9774 _ (44 oi J=1 . 4 l 1 (7) 
considered by Placzek and Seidel but also in the spheri- p? 4p' 4-69 F 
cal case considered here. This conclusion can, of course, 
f=I, (8) 


also be established formally from the transport equation 

for the spherically symmetric case. We omit the formal 2] 

argument here since the transport phenomena within p=—{1—(1—1/p*)'] 

the sphere are not our immediate problem. 3 

We note that, in a second paper‘ on the angular dis- a i I --( 1 4 1 ma 1-3 )+ By | (9) 

tribution of neutrons emerging from a plane surface pt 4Not Gp* 6-887 ; 

Placzek uses a distribution (intensity) function ¢g(u) 

normalized to unit density rather than to unit current. By comparing Eq. (4) with (8), we see that f in the 
general case (i.e., with any law of radiance) has another 
simple physical significance. It is the intensity with 

which a spherical surface would have to radiate accord- 


The relation to his earlier notation and to ours is 
ing to Lambert’s law in order to send out the same flux 


=y(0, —u)/V3=2] (u)/v3 f(0). 


In his paper Placzek gives a detailed numerical evalu- 





ation of ¢(u) from an exact Wiener-Hopf solution of 
the radiative balance (transport) problem. We shall 
later indicate how this exact numerical solution for the 
radiance in the plane case may be used to advantage in 
getting a good approximate representation of U and P 
in the corresponding spherical case. 


‘G. Placzek, Phys. Rev. 72, 556 (1947). 


as the given surface. The actual dependence of U’ and P 
upon p, in the Lambert case, is plotted in Figs. 2 and 3. 
At or near the surface of the radiating body (p= 1) the 
radiation density is numerically three times as great as 
the pressure, just as in the case of isotropic radiation. 
In absolute magnitude l/(1) is twice, while P(1) 


” §See M. A. Melvin, Am. J. Phys. (to be published). 
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Taswe II. Functions which occur in the calculation of the nor 
malized energy density u(p) and radiation pressure p(p) in the 
field of a spherical radiator. The functions u,; and p; are the energy 
density and pressure which would obtain if the surface were to 
radiate according to Lambert's law. ug, pg, and u,, p, result from 
first and second powers of u=cos#, respectively, appearing in the 
formula for the radiance / 


i 2 5 4 5 6 7 
we a ug 4 f Pa f 
1.00 2.000 1.009 0.667 0.667 0.500 0.400 
1.05 1.380 O819 0.572 0648 0472 0.373 
1.10 1.167 0.709 0.503 0.618 0444 0348 
1.20 0.895 0560 0.404 0.554 0.390 0.302 
1.30 0.722 0.459 0.335 0.493 0.332 0.264 
1.40 0000 0.386 (0). 282 0.438 0.302 0.232 
100 0.439 0.285 0.210 0.350 0.239 0.182 
1.80 0.337 0.220 0.164 0.283 0.192 0.146 
200 0.268 0176 0.133 0.233 0.158 0.120 
300 0.155 0.076 0.056 0.108 0.062 0.055 
500 0.040 0.027 0.017 0.040 0.026 0.020 
10.00 0.010 0.007 0.005 0.010 0.007 0.005 
only two-thirds of the value which one will find for a 


point source with the same located at S 


We turn now to the astrophysical situation. We con 
t 


sider the outer layers of a star, Le., the absorbing 


pl otosphere region, from whicl omes the bulk of the 
visible and thermal radiation. The limb-darkening effect 
observed in the light from the solar disk, and other data, 
confirm the theory that radiative balance approx 

nately governs the physical conditions in these layers 


The basic problem in the theory of radiative balance 


is that of determining the intensity at any point in this 
photosphere. This intensity is a function of » and of the 
depth. If one has a solution for the intensity distribution 
with depth, one also has the desired emergent intensity 


In this way a second approxi 





radiative balance leads to the following form 


intensity emitted from the bour dary or the radiance: 





) 2 a ) 
I (ys 1+ But yu 1+ 23 34 é 10 
where Ia 14 ire Stants ind the express n has 
20 
t 
5+ | 
| one 
i 
5 ta 
tor 4 ie 
| a Yromr source 
| 
Leaf es wwequwerswe: a 
é 3.0 o 5.C p—e 
3 
Fic. 2 he energy density « as a funct the sta 
the center of a sphere whose surface is radiating according to a 





linear law of radiance / = f(1+-} cos@) /2. The distance is express 
in units of the sphere radius, and the en lensity is normalize 
to unit flux quantity f s the mean intensity over the apparent 


disk of the sphere as viewed from ar lis 
parison, the expressions for w obtained with Lambert's law 


]=constant), and for a point source are also giver 


radiance 


Each of these has been normalized to agree with uw at p=! 
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been normalized so that f continues to represent the 
mean intensity over the apparent disk of the sphere, as 
follows from Eq. (4). The empirical data on the limb- 
darkening in the sun verify the general form of (10) 
with fair approximation, but give varying parameters 
8, y for different wavelengths. A detailed analysis is 
given by Chalonge and Kourganoff.* For a first approxi- 
mation to the integrated radiance, one may set y=0 
and take the Milne-Eddington value, 8=4, or the 
Fermi value,’ 8=v3. 

Let the Lambert-law values for u and p, both taken 
per unit J (or f) be represented by uz, and p,. Then, 
upon substituting (10) into (3), and (5), we find 


u(p)= fLur+Bugt+~yu, |/[1+38+ 47], (11) 
iT 2 vr 2 a i 
pip | prt+Bpstrypy \/L1+ 98+ 57], (12) 
where we have introduced abbreviations for the extra 
0.8 
\ — Pp 
0.6} | 
— RP, 
ze 
ia remt sovece 
0.4} 
| 
0 “| 
9 Llp een 
ns pT ns wf ts. 
Fic. 3. The radiation pressure p as a function of the distance p 
fr the center of a sphere whose surface is radiating according 












inear law of radiance ] =f(1+ 4 cosé he normalization 
is again to unit flux quantity f. For comparison, the expressions 
for p obtained with Lambert’s law of radiance, and for a point 


source, are given. These have been normalized to agree with p 


non-Lambertian terms: 


li3\p)} 4 p -] p) coth "PJ 
25 1/(4n?—1)p%, (11’) 
u,\p!} 2f1 iP T+ 3p 1-1 p r) >1 2p?+ 9 ") 
Pa\p) 11+ p’—p 1—1 p -coth™'p 
2 > 1/(4n?—1)(2n—3)p*, (12’) 
b,{p) 4/15)p?) —14+-5/2p*+ (1—1/p*)*? | 


Confining ourselves to the linear approximation (y=0), 
a detailed analysis leads to upper and lower bounds for 
both # and p throughout their range. We find for 


*D. Chalonge and V. Kourganoff, Ann. astrophys. 9, 69 (1946). 
7 E. Fermi, Ricerca sci. 7, [2] 13 (1936 


‘ua 
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TABLE III. Functions involved in calculating the energy density in terms of the numerical values for /, 


T/dy, and I /dy* at ™=0 and u=1, when these are known. 











ue’ —u 
r) = (9 —1/p) In(pt—1)* =1+(p—1/p) In(g +1) 
1.00 0.0000 1.0000 
1.05 —0.111 1.0701 
1.10 —0.1489 1.1416 
1.20 —0.1505 1.2891 
1.30 —0.0985 1.4421 
1.40 —0.0140 1.6003 
1.60 +0.2167 1.9316 
1.80 0.5019 2.2812 
2.00 0.8240 2.6479 
3.00 2.7725 4.6968 
5.00 7.6272 9.6006 
10.00 22.7462 24.7392 
20.00 59.7403 61.7378 
example 
1+ 8/2 
———U& SUS 41 
1+48 


The upper bound function is independent of the value 
of 8. The lower bound depends on 8, and takes the value 
(7/8)ux=0.875uz, for 8= 4}. (For Fermi’s value, 8=v3, 
the lower bound is 0.866u,.) Summing up we may say: 
Under the law of radiance (10) with B=} and y=0, u 
increases from (7/8)uz to uz as p goes from I to ~. On 
the other hand, p decreases from (17/16)p1 to px as p 
goes from 1 to ~. 

These results suggest that we may get a fair approxi- 
mation to the rigorous u in the important neighborhood 
near the source by using 7/8 times the Lambert-law 
value. The comparison of (7/8), with u is exhibited 
graphically in Fig. 2. We have made use of this approxi- 
mate representation recently in analyzing the reinter- 
pretation by Freundlich of the stellar and galactic red- 
shifts. The corresponding approximate representation, 
for p in terms of (17/16)p, is given in Fig. 3. The 
various functions of p occurring in (11) and (12) are 
tabulated in Table IT. 


3. USE OF EXACT NUMERICAL RADIANCES TO 
IMPROVE THE ANALYTIC APPROXIMATION 


Examination of the exact solution from transport 
theory for J in the plane parallel case? shows that it 
follows a straight-line variation with w only imper- 
fectly; a quadratic fit is naturally better. In Sec. II, 
assuming the quadratic radiance law (10), we obtained 
analytic expressions for u and p. We may get even 
more realistic, though still analytic, expressions by 
following an integration-by-parts procedure up to the 


*M. A. Melvin, Phys. Rev. 98, 884 (1955) 

*A graph and a numerical table (following Placzek) of this 
solution are given on pages 100 and 187 respectively of Kour- 
ganoff’s book. 


ue!” nae 
= ioX(1 —1/p%)! = 1 —29?/3 +(p —1/p) In(e +1) 


0.0000 0.3333 
0.0209 0.3351 
0.0583 0.3349 
0.1621 0.3291 
0.2044 0.3184 
0.4475 0.2036 
0.8115 0.2249 
1.2418 0.1212 
1.7334 ~0.0198 
5.0280 — 1.3032 
15.6750 ~8 0661 
65.6667 ~ 41.9275 
265.6800 ~ 204.9289 


¥ 


second derivative of J with respect to u; this derivative 
is small over the range of wu, as an examination of 
second differences in the table of the exact solution of 
the plane parallel case‘ shows, and higher derivatives 
may be expected to be still smaller. Integrating Eq. (3) 
by parts three times, and dropping the remaining 
integral which involves d*J/du*, we find 


u= 2h (1-1 p*)*To + (16y'T1'+-t40' I’) 


+ ("11+ t40"To”), (13) 


where the functions to’, 4’, uo’, u;'’ are given in Table 
III. Similar approximate expressions in terms of initial 
and final values for J and its derivatives may be ob- 
tained for p, but we shall not present them here. 

If one assumes that the third derivative of J is 
rigorously zero, then one may set 


1,"=1)’=1", 
[= I'+1", T= To+]o' +41", 

and the expression (13) goes over into the form (11) 
obtained in Sec. IT. Greater fidelity to the exact solution 
can be obtained by substituting for J and its derivatives 
values obtained from the exact solution for the radiance* 
in the plane-parallel case. These values are (ignoring /’’) : 
1,/f=1.2591 (1.25), 
I,'/f=0.766 (0.75). 


I, f=v3 4=0.4330 
Io'/f=1.4835 (0.75), 


(0.5), 


In parentheses we have indicated the corresponding 
values on the linear approximation with 8= 4. It will 
be noted that the biggest error results from the use of 
the linear value for J’. 

In concluding, the author wishes to express his 
appreciation to Dr. A. E. S. Green and Dr. Conway 
Snyder for reading and commenting on this paper, and 
to Mr. John Burgeson for his help in the computations 
and illustrations. 
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roperties associate h the i harge region and with surface states at a semiconductor surface 
\ theor the space urge region that takes into account charge-densities arising fron 
c rities and from both sig f mobile carrier is presented. The properties of the space-charge 
ar Cusse terms of the surtace potential an f the electrochemical! potentials of holes and el rons 
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INTRODUCTION part of the extended space-charge region, is yet in good 

P +h the canductior lonee thus 

, al with the conduction or valence band 

HE purpose of this paper is to summarize th “ pogehap eageess ig Pa ‘ 
, will be described as charge in surface states; that part 

con sions which may be drawn Irom physical are gs 7 ait nik aie 4 ‘ oo 

: . : which can only change relatively Slowly, with some 

theory as to the electrical properties of the surlace of a wa Hibs sacle) Ange ones wee) ra ys ‘ 24 me 

. sort of “activation energy, 1S thought ol as assoc iated 











semiconductor. The surface of a semiconductor, like ar : a 
seine , +] » al . with adsorbed ions. How far this distinction can be 
most phase iri s Ca i a Space irpe ? ‘ : : 

, maintained operationally must be left for experiment to 
double layer. In many one-dimensional problems I £ : 

— thet the feld cS decide. Another convenient assumption is that the 
sulhices nsider e€ cast i e heid outside i ! ; : 
en t} + te fa surface states are associated with recombination 
seMmIct ris zero is méa " Y ir r . 

j } ; . processes at the surtace; that is, the suriace states are 
} ry d ty . Z do r : r may t 
irye r » ZeTO | Y ) r a ory : tke aes 
! trapping centers of the type aiscussed Dy Shockley 
principie arise in severa Vays, § aS preiert i t E Zt ’ d 
. f ind Read 
1dsorption ol ions ol one f Wr alig ( Ldsorbe . ‘ , 
' . In Sse \ oft this paper, we snail be con erned Only 
mms or mole ‘ iV electrical dipole mome [eA : : ‘2 
In a met ’ | mpensated I with the properties ol the space-charge region itsell. 
8 i ] rg in be ) nsated by a f ; . 3 y * 
lenaity of electr » hole the immediate ' he problem is to write down expressions for the surface 
ag sit , ms o 0 mea ° 1 ’ ° . c 
e.. within a few atomic diameters. of the geomett excesses I’, and I’, of electrons and holes, as functions of 
wi afi ’ a . i> ‘ : : 
’ 1 ‘a , . ? 1 Meg . . 
rface. In a semiconductor rt at least of the electror the surface polentiai (the difference between the mean 
surtac nas icto a i is l : 
Ti nnbential iat taeda the on s anal 7 , 
or hole distribution must be spread over a relatively Cl@ctrostatic potential just inside the surface and in the 
ae 4d the electrachemical notentials for hole 
wide space-charge region, owing to the mbined interior) and the electrochemical potentials for holes 
” : ani slart tram this one can write down (1) the net 
requirements of electrostatics and statistical mechanics. 44 electrons From t ss an write down (1) the net 
‘ , 1 , . 
‘ ‘ } ' oe surtace charge density due to the space-charge region, 
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face since e must not ¢ . Se tatistical dependence of potential on distance, and (aii) (with 
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" mobile carriers near the surface 
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+, } oo n Se n attempt will be made to use the theo- 
ago by Tamm.’ and discussed in detail by Bardeen In Sec. B, an attempt will be ma se t 
, , witrel cancer lnecrhe the reculte of exneriments 
It should. however. be noticed that the distinctior retical concepts to describe the results of experiment 
hetures = ‘ating af electrons and holes in Which have been or can be made on semiconductor 
vetween charges consisting of electrons 1 holies in 


nderstanding of many of these measure- 
suriace States, and charges deriving [trom 6 : 2 


infortunately necessary to make some as- 





atoms adsorbed onto the surface, is far tron . : ; : . ! 

: sirm rt > 8 he quirface ctatec { the hasis of su ce 
Specifically, the lack of dependence on work functior sumption about the suriace state Jn the basis of surlace 
: . recombination measurements made on germanium 
] 


of the rectifying properties of metal semiconductor 
surfaces prepared in a certain way, Brattain and 


ontacts might be due to Tamm-type surtace sta 


tes, or 

: . , lardeaent 7 7 | narti node thich the 
to charges associated with adsorbed gases: one does not Bardeen‘ proposed a particular model, in which the 
! face states are supposed to be either of donor 





know. One may distinguish, a little artificially perhaps, Suria 
between these two kinds of surface charge as follows character, lying h in the forbidden band, or of 
That part of the surface charge which, while not forming , 7 a2 5 
‘'W. Shocklk and W. T. Read, Phys. Rev. 87, 835 (1952 

1. Tamm, Physik Z. Sowjetunion 1, 733 (1932 W. H. Brattain:and J. Bardeen, Bell System Tech. J. 32, 1 
; 


y 


Bardeen, Phys. Rev. 71, 717 (1947 L953 
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acceptor type lying low. In this paper we shall predict 
the results of various experiments on two extreme 
assumptions: (7) that there are negligibly few surface 
states, and (i) that there are surface states of the 
type proposed by Brattain and Bardeen. 

The problem of the apportionment of charge between 
space-charge and surface states has also been considered 
by Pikus,’ who has discussed such questions as the 
variation of work function with temperature and the 
effect of applying an electric field normal to the surface. 
For a detailed discussion of the properties of Tamm 
states, as opposed to the questions of ionic charge 
discussed by Brattain and Bardeen, we refer the reader 
to this paper. 


A. PROPERTIES OF THE SPACE-CHARGE REGION 
1. Fundamental Considerations 


The theory of the space-charge region at the surface 
of a semiconductor has been given by Schottky,*® 
Schottky and Spenke,’ and Mott.’ For convenience we 
shall develop here the considerations applicable to 
rather high-resistivity germanium or silicon, at or 
near room temperature. It will be assumed that 
impurity atoms (donors and acceptors) are completely 
ionized at all points. The space charge then may be 
written down in terms of the local concentrations p and 
n of holes and electrons, which may be taken to obey 
Boltzmann statistics, so long as the impurity concentra- 
tion in the semiconductor is low enough to make the 
Fermi-Dirac assembly nondegenerate. The considera- 
tions to be given are applicable either to a step (abrupt) 
junction within a single crystal between regions of 
differing impurity content, or to a free surface. 

Following Shockley® we wri e 

p=ne rr), 
(1) 


n=ne vn , 


where ¢, and ¢, are the “quasi-Fermi levels’” for holes 
and electrons respectively; pW is the 
potential, m,; the density of holes and of electrons in 
intrinsic semiconductor, and B=e/kT, e being the 
electronic charge, k Boltzmann’s constant, and 7 the 
absolute temperature. The quasi-Fermi levels have, 
apart from a change in sign of ¢,, the properties of 
electrochemical potentials. The zeros of ¢, and ¢, 
have been chosen in such a way that, in thermodynamic 
equilibrium, ¢,=¢,: we shall denote this common 
value by ¢o. Now in equilibrium ¢ is uniform through- 
out the system; in particular, it is constant right up to 
the surfaces of the sample. In the body of the semi- 
conductor the electrostatic potential y is also uniform, 
but this ceases to be true in the vicinity of the surface. 


electrostatic 


5G. E. Pikus, Zhur. Eksptl. i. Teort. Fiz. 21, 1227 (1951) 

*W. Schottky, Z. Physik 113, 367 (1939); 118, 539 (1942) 

7 W. Schottky and E. Spenke, Wiss. Veréffentl. Siemens-Werken 
18, 3 (1939). 

*N. F. Mott, Proc. Roy. Soc. (London) A171, 27 (1939) 

*W. Shockley, Bell System Tech. J. 28, 435 (1949) 
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In order to determine the form of the electrostatic 
potential near the surface, one must solve Poisson’s 
equation: 

VY = —4n/ ee. (2) 


(Unrationalized quantities are used in writing this 
equation.) Here ¢ is the dielectric constant for the 
semiconductor, and p is the charge density at each 
point, which, for a completely ionized semiconductor, 
is given by 

p= el. (p— po) — (m—no) |, (3) 


where po and mp are the hole and electron concentrations 
in the body of the semiconductor. With some reserva- 
tions, to be discussed below, the charge distribution 
near the surface is completely determined (in the case 
of thermodynamic equilibrium) by substituting Eqs. 
(1) and (3) into Eq. (2), and solving with the appro- 
priate boundary conditions. 

Before following this procedure, one generalization 
is required. In dealing with semiconductor problems, 
it is often important to consider steady-state distribu- 
tions which, although not corresponding to strict 
thermodynamic equilibrium, are sufficiently close to it 
to be regarded as quasi-equilibrium configurations. 
The lifetime of minority carriers in high-resistance 
germanium is so long that it is permissible to treat 
the holes and electrons as separate components in the 
thermodynamic sense, so that the sum of the electro- 
chemical potentials (the difference of quasi-Fermi 
levels) is no longer to be held constant. Each electro 
chemical potential, however, is uniform throughout 
the system; in particular, we may consider a steady- 
state configuration of the semiconductor surface, such 
as may be produced by shining light on it, in which 
¢, and ¢, are different from go, but each is constant 
throughout the space-charge region. This approximation 
holds good so long as (7) the diffusion length of minority 
carriers in the semiconductor is long in comparison 
with the thickness of the space-charge region; (it) 
currents (arising from either carrier) to or from the 
surface are not too large, nor the depletion of carriers, 
such as may be produced by an externally applied 
voltage, too extreme." 

In a moment we shall proceed to calculate the 
space-charge configuration in terms of arbitrary 
values for g, and ¢,. It is not possible, however, to 
choose ¢, and ¢, independently, because, in the body 
of the semiconductor, there must be net space-charge 

” The assumption of constancy of ‘‘quasi-Fermi levels” cease to 
be true for a p-m junction that is subjected to a reverse bias 
considerably larger than k7'/e. In order that the hole and electron 
currents /, and J, may be solenoidal (no recombination), the 
products pV¢, and nV¢y, must be constant, and since p and n 
are greatly reduced in value near the junction on the m and p 
sides respectively, Ve, and Ve, must be quite large there 
Calculation suggests that, in a typical case, the assumption of 
constancy of ¢, and ¢, is reasonably good up to about 10 times 
kT /e, that is, about 0.2 volt. An exact treatment of the case of 
still larger reverse biases has not been attempted, involving 
as it does the solution of the bipolar conduction problem in the 
presence of space charge 
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neutrality, so that one electrochemical potential is 


determined if the other is known. The relation between 


them is obtained from Eqs. (1) and (3) by setting 
p=0, and will appear as Eq. (10) below 

There are two limitations on the validity of a treat- 
ment that starts from Eqs. (1) and (2). Equations (1 


apply rigorously to the case of a statistical assembly 


extending indefinitely in all directions; we wish to 


apply them to a space-charge region in which the 


potential is varying very rapidly with distance. A 


rigorous discussion of this difficulty, which occurs also 


in the Debye-Hiickel theory of strong electrolytes, has 


been given by Kirkwood nother limitation is set 


by the wave nature of the electron: one would not 


expe t statistical considerations to apply down to 


waveiengt! In the 


distances of the order of an electron 
} 








absence ol any aliterna e me " we sha issume 
that Eqs. (1) and (2) will be a fair approximation so 
mg as the variation of y is not so great that the 
semiconductor becomes glegenerate it the suriace 
The total extent of the space-charge region in high 
resistivity germanium of the order of 10-* cm, but 
erta f the properties associated with it depend on 
the distribution of carners within only 100 A of the 
s rfa f Ir the rit f the ibo f ynsiderations any 
NCIUSIONS mcerning these itter properties must be 
regarded with cautior 
Subst ting Eas. (1 to Eq. (3), we obtair 
p en, errs er \eer-¥ +. oP Pr 4) — Pies 4 
n which we have written Wp for the value of the electro- 
Stat potential in tne body of the semiconductor. Now 
suppose that y and p vary only in the direction perpen 
dicular to the surface; and let x stand for the distance 
along this direction, with x=0 at the surface, and 2 
going positive inwards. Inte 2), we obta 
ly\? Sr pt 
4 pdy 5 
dx €€ ‘ 
Into this we substitute Eq 4) and carry out the 
integration, so obtaining 
Wy 2 
F (vA P,N 6) 
Ix BEL 
|. G. Kirkwood, J. Che Phys. 2, 767 (1934 
The ques r s the statistical fluctuat s electr 
static potential at ea " t, ar the resulting ctuations 
he wal ena es a } ¢ 
ear dis } , ‘ 





potential a ach t 

urger, the greater the € 
tial fror ts value in the 
s ‘ for the electrolyte case that the usua 

wn aS soon as it ceases to be a good app mation to write 
@ °**¥~1+ ay. Fortunately, the restriction in the semiconductor 
system is less severe. C. Herring has pointed out to us that the 


approximation used is satisfactory so long as ¢* eee’ 


a = (ee 


of holes or electrons, w 


local con 


This « 


which V stands for the 
hichever is the greater 


f practica 


2eNes)*, ir 





easily satished in most cases interest 
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where 
L=[ ceo 2rens }}, 
h=[po/no }!= po/n,=nj/no= A'ro-¥0) 
P=8(¢p— ¢0), 
N=B(¢a— ¢0), 
y=B(y—Yo), 
and 


F(y,d,P,N) = [Ae (e-¥—1 
+d-'e-* (ev—1) + (A—A ) y J, 


the following sign convention: when y<0, the 
positive branch of the square-root function must be 
Note that 


for the semiconductor, 





when y>0O, the 
} 


negative branch. 


, 
chosen : 


£ is a characteristic length 

having the value 1.4 10-* 

temperature. 
From Eq. (6 


the surface excesses [, and I’, of holes and electrons. 


cm for germanium at room 
we can write down expressions for 


lhe idea of “‘surface excess,”’ first introduced by Gibbs,” 
implies the difference between the total amount of some 
per unit area of 
surface, and that which would be found if the phases 
up to some chosen dividing 
surface. We choose the dividing surface in such a way 

excess of the component forming the 
tor is zero; and write Y and y, for the values 
averaged over distances of 


component in the actual system, 


were homogeneous right 


that the surface 


—" Tr 
semicond 


of y and y at this surface 
dimensions). Then 


the order of atomi 


. 
cs b— p*)dx 
} 13 
- = } 
[ p—Pp ay 
J dy 
Y e ¥—]) 
bn Le! dy, (7) 
F(y,A,P,N) 
A : 
os n—n*)dx 
¥ (ev¥—1) 
—43n,£d\“"'e-% dy, 
F(yA,P,N) 
where p* and n* are the steady-state values of hole 
and electron concentration at a point just inside the 


space-charge region, and are given by p*= poe” and 





n* = noe~*. Notice that in the limit of — ¥ large, 
Pn, Le¥(er-¥) 8a) 
while for Y large, 
r. n,Le¥ Yemen) Rb 


rhe total surface charge density due to excess holes 


and electrons is 


e(',—T,) =en,LF(Y,A,P,N) (9) 


+1. Willard Gibbs, Collected Works (Longmans Green and 


mpany, London, 1906), Vol. 1, p. 219. 
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as may be proved in a more straightforward manner by 
considering the value of dy/dx at the surface. Notice 
that the integrals for T, and I, separately cannot 
easily be evaluated explicitly, but the difference 
r,—T, can. 

So far we have said nothing as to what determines 
the values of ¢, and ¢,. Since, however, ¢, and ¢, 
are constant right through the space-charge region, 
we may invoke the condition of space-charge neutrality 
in the body of the semiconductor, and write 


(e-¥—1)/(e? —1) =X?, (10) 


as may easily be proved from Eqs. (1) and (3), setting 
p=0. 


2. Shape of the Space-Charge Region 


The form of the space-charge region at a semi- 
conductor surface or interface has usually been treated 
in the following way. If the electrostatic potential 
near the surface is greater than in the interior for n-type 
semiconductor, or less for p-type semiconductor, 
there will be an enrichment of the majority carrier in 
the surface region, which may be described by a simple 
Boltzmann expression. In the contrary case, there is a 
depletion of the majority carrier, which may be treated 
by thinking of an exhaustion region of appropriate 
depth containing no carriers of either sign. At the same 
time it has been realized that, on base material of high 
resistivity, one may have the state of affairs in which 
there is an appreciable concentration of minority 
carriers at the surface. Such a surface region is usually 
called an inversion layer. The purpose of this section 
is to consider more exactly the shape of the space-charge 
region, with particular reference to material that is not 
too far from intrinsic, in order to show clearly the 
limits within which the usual simple treatment is 
allowable. 

To find y as a function of x, one integrates (6): 


Y 1 
x= se f dy. 
o F(yA,P,N) 


This integral cannot easily be evaluated explicitly. 
In order to illustrate the shape of the space-charge 
region, we shall consider the behavior of the integral 
for the case of a change in potential near the surface 
tending towards the production of an inversion layer. 
Three parts of the space-charge region may be dis- 
tinguished : 


(11) 


(i) O0<\y|«1 
Expanding the exponentials, and using (10), we have 
F(y,,P,N)—— yh (A) +e? Ft. (12) 


The integral therefore diverges logarithmically: the 
space-charge region extends indefinitely far into the 
semiconductor. In this region, however, the properties 
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are not greatly different from those of the bulk semi- 
conductor. 


(it) The “Parabolic” Region 


In the usual, simplified form of the space-charge 
theories of Mott and Schottky, it is assumed that all 
of the space-charge arises from absence of both holes 
and electrons in a certain well-defined region. Using 
this approximation, it is easy to show that the potential 
should vary as the square of the distance. This approxi- 
mation is equivalent to ignoring all terms under the 
square root sign except (A~'—A)y. It may be checked 
that this is a poor approximation except under the 
following conditions: 


(a) y¥K—-1, &¥/(—y)KA*e?, 
(13) 
y>1, 


or (b) e¥/y<< 7%, 


These conditions specify that the potential must vary 
in the direction tending to produce an inversion layer, 
by an amount that is large in comparison with k7/e, 
but still small in comparison with that which would 
actually produce an inversion layer. The conditions are 
most clearly satisfied at a reverse-biassed p-n junction, 
but at the free surface of a block of semiconductor 
that is not too far from intrinsic the range of potentials 
in which they are satisfied is small." 

In the range of x for which y satisfies condition (a), 
one has 


ai—x— LAN(1+4d)[(—y)'—(—91)4], (14) 


where x= x; is the limit of this region on the inside, and 
yi, the value of y there, is of the order of —1. 


(iti) Inversion Region 


When A<1 and y is sufficiently large and negative, 
or when A> 1 and y is sufficiently large and positive, the 
greatest contribution to the space-charge comes from 
carriers of the opposite kind to those predominating in 
the bulk. Here it is sufficient to neglect all except the 
first or the second term in the expression under the 
square-root sign in Eq. (6), so that we have: For 


h<1 : 


X2-x= Lr he iP (eli: —elv) 


o*/(—y) >", 


(15) 


where x=x» represents the inside limit of this third 
region, and y, is the value of y there. This third region 
corresponds to an inversion layer: in the case considered, 
a hole-rich region over an n-type semiconductor. The 
inversion layer is, as we shall see below, very thin in 
comparison with £ in a practical case, and the drop 
in potential across it is usually insignificant in compari- 


“One physical system where such conditions do exist is the 
surface of the base region of an npn junction transistor having a 
channel across it. Here a reverse bias can be applied between the 
p-type body and the n-type surface. So long as the applied 
voltage is rather greater than £7/¢, the parabolic approximation 
will hold for most of the space-charge region. 
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\/(—V). In consequence it is the space-charge capac- 
ity which is of principal interest for reverse biased 
junctions. 

The analytical difficulty in discussing both sources of 
capacity at the same time arises from the fact that in 
the presentation given here we have evaded the whole 
question of the mechanism of carrier transport in the 
space-charge region, replacing it by the condition of 
constancy of the quasi-Fermi levels. We shall therefore 
consider only the space-charge capacity. First we note 
that d*y/dx* passes through zero once and once only, 
to wit at the geometrical junction. The stored charge 
on each plate of the equivalent condenser is therefore 
given directly by Eq. (9), which may of course be 
evaluated either for the p side or for the m side. Into 
this one substitutes for the P’s and Y’s from Eqs. (18) 
and (19), and differentiates with respect to V. The 
general expression for the capacity is too complicated 
to be useful. One special case of interest is that in which 
one side (say the p side) is much more heavily doped 
than the other. For sufficient reverse bias, the capacity 
is given by 


C~en,£8/2X,"| —BV—2—In(\,/A,) |. (21 


By comparing this with the diffusion capacity 
discussed by Shockley, one sees that the space-charge 


2,1 (L,/L)e* 


capacity predominates as long as ; 
—8V) is small in comparison with unity. In a 


XV 
practical case this condition is well satisfied for reverse 
Note that Ex 21) is 


gets by straight-forward 


voltages of 0.2 volt or more 


}. 
nearly the t 
application of the Mott-Schottky 
theory, in wl 


Same as one 
“exhaustion layer” 
ich the potential drop occurs entirely on 
the high-resistivity side 
parabolically with distance 
one or two remarks as to the conditions 
Mott-Schottky 

When both sides of a p-n junction are equally heavily 


doped, the exhaustion layer model, and the parabolic 


potential 


One may conclude with 


and the varies 
inder which the 


si 
exhaustion layer theory is justified 


potential, apply well to both sides, with zero or negative 
WI en, 


more heavily doped 


however, one side of 
than the 
other, the exhaustion layer model can be used only 
1 


siace, 


bias across the junction 


the junction is mucl 


for the high-resistance and then only if one 


i 
excludes the region in the immediate vicinity of the 
hich the 


) negative 


extent of the region over w 


potential is parabolic increases, of course, witt 


higt 


junction. The ie 


reverse bias, and so long as one is not 
precise field 


is reasonable to regard the whole of 


bias; so, at 


interested in the distribution near the 
junction itself, it 
he potential drop as occurring across a Mott-S« hottky 


exhaustion region. 


4. Surface Conductivity 


It is possible to evaluate the change in conductivity 
of the surface region due to the presence of a space- 
charge layer: 


rh 
Nm 


AG=eu,(l p+), 
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Y 
Fic. 1. The surface-conductivity integral as a function of 
the surface potential Y for various values of the parameter A 
for » Y, 


where x, is the mobility for holes and 6 is the ratio of 
the electron mobility to hole mobility. This equation, 

however, that it is sufficient to 
suppose that the mobilities of holes and electrons in a 
differential] 
as the bulk mobilities. 


however, assumes 
y thin slice of semiconductor are the same 
This will not be too bad unless 
the thickness of the space-charge region is comparable 


with the mean free path of the carriers. This latter 
order of 10 


ich smaller than L, so that this approxima 


quantity is of the centimeter, which is 


not very m 
tion is not very good. In consequence, the actual 
change in surface conductivity would be expected to 
be rather smaller than the values to be predicted below. 
The errors arising from this approximation have been 
investigated by Schrieffer." 


Substituting from Eqs. (6) and (7), one finds 


AG= + }eu,n Ler”, 23 


where g is the integral 


"Ale~¥ 1)+ bd é ] 
g wf d 24) 
} F (yd) 


1. Notice that 
if, for n-type semiconductor, the potential at the surface 
that in the 


conductivity arising from extra electrons at 





lues of this integral are shown in Fig 


is greater than interior, the change in 
surface 
the surface is positive. If, however, the surface potential] 
is a little bit less than the potential in the interior, the 
change in conductivity is negative, because there are 
0, and 


not yet any appreciable contribution from holes. Only 


now fewer electrons in the surface region at x 


for very low surface potentials does the change in 
conductivity begin to rise again, as extra holes are 
created. The minimum surface conductivity is at the 
potential 

Y=In(\2/b (25) 
Thus, one sees that the surface must be more p than 
the interior is m before there is any appreciable hole 


6 J. Robert Schrieffer, Phys. Rev. 94, 1420 (1954 
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surface 
potential the surface conductance is of the form gu,]’, 
or gbu,l’,, where ', and I’, are given by Eq. (8). 


surface conductivity. At the extremes of 


5. Quasi-Fermi Levels and Flow of Minority 
Carriers 


The transport of added carriers in a homogeneous 
semiconductor has been discussed by van Roosbroeck."® 
We restrict the discussion to a semiconductor that is 
not too close to intrinsic, and suppose that any current 
crossing the surface is at any rate small enough for flow 
in the body of the semiconductor to proceed largely by 
diffusion rather than drift. For a semi-infinite block, 
the small signal solution for hole density at points 
inside the space-charge region is of the form 


Ap= Be-*!, 26 


where L and D 


p-type. 
The hole current at a point just inside 


t 
charge region, arising partly from flow of 


\ Dor =D, for n-type, dD; for 
the space- 

minority 
carriers into the surface traps, is 


I,’ =1,—surface recombination flow, 7 


Pp 


where J, is the hole current actually crossing the 
surface. But, from Eq. (26), the current J,’ is given by 
eDy gradAp, which is equal to /,'| (p*/p 1 | tor 
n-type semiconductor, where p* is the hole con 
and /,’, the 
L, Now the 
p*— po), where 


v, is the surface recombination velocity, so that 


entra 


tion just inside the space-charge region, 


recombination flow may be 


body Saturation current, equals eD yp 
written ev, 


I= 1. (p*/po)—1 


where /,, the total saturation current, 


is given by 


# epol D, 


L,)+?, 29 


The net hole inflow J, could arise from injection of 
minority carriers from a metal or electrolyte in contact 
with the surface. If the surface is illuminated with 


light that is absorbed within a distance from the 


surface short in comparison with a diffusion length 


not necessarily short in comparison with a Debye 


length), it may be shown" that the effect is equivalent 
to a minority carrier flow L across the surface equal to 


eV, where .V is the number of hole-electron pairs 


created per unit area per second. The effect on the 
distribution of carriers inside the semiconductor is then 
given by adding LZ to the current /, in the above 
equations 
Equation (28) represents the linear approximation to 
surface and body recombination. If /, is very large, this 
linear approximation is usually no longer adequate 
Under many conditions one might expect a mass-action 
‘*W. van Roosbroeck, Phys. Rev. 91, 282 (1953 


17 W. H. Brattain and C. G. B. Garrett, Physica 20, 885 (1954 
Bell System Tech. J. 34, 129 (1955 
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recombination law to hold,’® so that one can write 
instead : 


I,= (1,/n?)(p— po) (no+p), 
=J,(e?—1)(1+*e”). (30) 


This equation is quadratic in e”. 


B. PROPERTIES OF THE SURFACE CHARGE 
6. Space Charge and Charge in Surface States 


Equations (7) for !, and I’, are correct only so long 
as it is assumed that Eqs. (1) hold right up to the 
dividing surface, and that there are no free electrons 
or holes beyond. As mentioned in the introduction, 
there are reasons for believing in the existence of 
surface states into which electrons can be bound in 
such a way that they cannot take part in lateral 
conduction. It is reasonable to assume further that 
these surface states are associated through trapping 
with recombination of minority carriers at the surface. 
Brattain and Bardeen proposed that these trapping 
centers were either of donor type lying high in the 
band, or of acceptor type lying low, or both. Such a 
model enables one to understand how the surface 
recombination velocity can be insensitive to variations 
of surface potential produced by changes in chemical 
environment, as found experimentally.*:'* The argument 
goes like this. Consider low-lying acceptor-like traps. 
rhe tlow of current between the conduction band and 
the traps will be proportional both to the number of 
electrons in the conduction band at the surface, and 
to the number of empty traps; this flow will be much 
less than that between the traps and the valence band, 
which is proportional both to the number of holes and 
to the number of occupied traps, unless the electro- 
chemical potential of the traps is almost equal to that 


holes: so the main resistance to recombination 





occurs in the former process. Since variation of surface 
potential affects the densities of electrons near the 
surface and of empty traps by compensating factors, 
surface recombination should be unaffected by changes 
in surface potential that do not affect the number of 
traps. Note that either donor or acceptor traps are 
sufficient to account for recombination in both n- and 
p-type 


With this model, the charge in s irface traps 1s 


¥—Ne¥-¥], 31) 


in which .V, and .V, represent densities of donor and 
acceptor traps multiplied by the appropriate Boltzmann 
factors, and P, V,and Y have their previous meanings. 

In the following sections we shall assume that the 
charge in surface states may be written as in Eq. (31); 
it is easy to proceed to the limiting case of no surface 
states by setting V,=.V,=0. 


*R. J. Keyes and T. G. Maple, Phys. Rev. 94, 1416 (1954). 
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7. Surface Photoeffect 


The total charge in both space charge and traps is 
given by 
L=e(C,—T.) +e, (32) 


where ',—I’, is given by (9) and o:, by (31). We are 
concerned with calculating the change in y, produced on 
illumination of the surface, the illumination being 
supposed to take place so abruptly that the ionic charge, 
and therefore the total charge = in the surface of the 
semiconductor, to which it is equal in magnitude and 
opposite in sign, does not have time to change. Differen- 
tiating the right-hand side with respect to L, the light 
current, using Eqs. (10) and (28), and setting the result 
equal to zero, we find (for n-type) 

dy, 1 

—=—[ (e¥—1)+ (e-’—1)—Z(N*N ce? — Nie”) ] 

aL i, 


= {—dC(14+NL/L)e¥—1]+ [14+ L/L )e-%—1] 
+Z[(1402L/1,)Noe¥+(14+L/1,)Nee-¥J}, (33) 


where 
Z=2F(Y,\)/n,;L£X. (34) 


The theory of Brattain and Bardeen gave an expression 
equivalent to ignoring all those terms in (33) not 
multiplied by Z, since charge in the space-charge region 
was ignored. The following approximations to (33) 
should be noted: 
dy, 1 1 
-_~— + for L small, 
dL §g1,1+L/I, 8, 


Y——o; 


(35) 
id. -1 d? 
Y—o+a:—w~— —— —<——}> = - 
dL BI, 14+-L/I, Al, 
for L small. 
For V,, V,=0, L small: 
dy, 1 1—e” 
—= : (36) 
dL BI,1+d*eY 
With the Z terms only (i.e., Va, Vi ©) 
dy, 1 1-éY’ 
(37) 


dL 1.1+)—e¥" 


where ¥’= ¥+4 In(?.V,4/N)). 

Let us consider the import of Eqs. (36) and (37). 
In each, the surface photovoltage is given as that 
change in surface potential which is required in order 
to keep the semiconductor surface charge constant when 
the imrefs of holes and electrons inside are altered. 
The reasoning leading to Eq. (37) is relatively simple; 
most of the surface charge is in donor and acceptor 
traps, and the populations of these traps would alter 
when the imrefs change, if it were not for the change in 


10 


1. Ng=Np, #0 


2. Ng=Np =8X 1w08Scmr2 
3. No No > CO 


Love) 





Fic. 2. Surface photoeffect as a function of Y, with and 
without surface states (relative values). 


surface potential. The physical interpretation of Eq. 
(36) is harder to picture. First it is worth noting that 
if the space-charge region were accurately described by 
a Mott-Schottky exhaustion layer, and if there were 
no surface states, there would be no surface photo- 
voltage at all, because the charge associated with the 
space-charge region would then be a function only of 
the surface potential, and would be unaffected by the 
change in imrefs produced on illuminating the sample. 
The surface photovoltage given by Eq. (36) arises 
precisely because the Mott-Schottky exhaustion layer 
model is not exact. In this view (with no surface 
states) in order to maintain the total charge in the 
space-charge region constant, the surface potential 
must change and the only way in which this can 
happen is by rearrangement of the distribution of 
that charge. One point to notice is that the limiting 
values of surface photovoltage are the same, which- 
ever model one uses. As we have emphasized else- 
where,’ the limiting values of photovoltage may be 
derived by a thermodynamic argument, and are 
therefore independent of the precise model assumed ; 
all that the model adds is the dependence of surface 
photovoltage on surface potential in the intermediate 
region, which depends, in chemical language, on rate 
process considerations. 

In Fig. 2, Eq. (33) has been evaluated for \=0.2 for 
the two extreme conditions represented by (36) and 
(37) and also for an intermediate case in which V,= NV, 
=8xX10%cm™*. It will be seen that there is little 
difference between the shapes of the three curves. 
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concluded by Morrison, but it was not possible to 
attain a light intensity sufficiently great to reach the 
might apply 

mn may be summarized 
combination 


region where Eq. (40 

Che conclusions of thi 
thus: (1 
with measurements of surface recombination velocity 


Ss secti 
[he surface photo-effect, in 
in order to calculate 7,) is the 

whether the suriace is p-type or n-type, 
much so; (2) Such measurements do not, 


most reliable tool for 
determining 
and 


however, shed much light on t 


how 
} 


1e problem of determin- 
ing the location and density of surface traps. 


9. Field Effects 


iment of Shockley and 
the change in 


applying a high 


In the field-effect 


Pearson,” 


ex pe 


measurements were made of 


surface conductivity produced by 


normal electric field. The results of such a measurement 





are best described ng an effective mobility 


wert, defined by differentiation being 


carried out at constant ionic charge. Using (32), (7 
23), and (31) we find 
1—d~*dbe? 
Meff os $1] 


where Z again has the sig e of Eq. (34). Equation 
41) is illustrated in Fig. 4, for the case \=0.2, with 
\ V,=0 and with \ \ 8X 10° cm. (For Ng, 


4) for all } 


Vir eu 

Results of measurements on germanium generally 
give values of (wer; lower than uw, by about a factor 
of 2.“ Although su experime s have not been carried 
out in a controlled environment such as the Brattain- 


Bardeen cycle, there is a suspicion that er is much more 


nearly independent of J in one would gather from 
Fig. 4. If this turns out to be the case, either the 
Brattain-Bardeen tr ip model is wrong, or the traps 
responsible for surface recombination are different from 
the surface states that LUSE vi to be less than for 


he case of space-charge only. It is clear, however, that 
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Fic. 4. The “effective mobility” in the field-effect experiment, 


with and without surface states 
‘se measures the quantity 
a On, 

at r\OLJ 
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€nir€éo OW, 
a (42) 
4nrD A201 


is the gap across which the voltage AV is 
lhis may be evaluated from Eqs. (32) and 


33). The resulting expressions are cumbersome. 
V, smaller than n,£, and in the 


change in sign of the photo-effect 


very 

For the case of po 

vicinity of the 
Y | <1), it may be shown that 

dy, €sir A ip 1 

A BV) , 43) 
dL €ge V2D sl, 

the magnitude of V, and V,, to first 


independently of 


order in these quantities. The effect should be easily 


measurable, but gives no direct information as to the 


surface states. The second experiment measures the 


quantity 


g 1 dAG Oy . 0 0AG 


al z ox ol z OY, I a I 


0 dAG 
t 44) 


OL/y,\ 82 /1 


This may be evaluated, using Eqs. (23) and (33) 


The general result is too complicated to be worth 


quoting here, but it may be shown for the case V,= NV, 

Q that, in the vicinity of the point at which por 
changes sign, illumination of the surface with light of 
intensity of the order of J, should produce significant 


Such an experiment ought to give an 
additional check on the theory. 
10. “Channel” Conductance 


The formulation of space-charge theory which we 


have presented in this paper makes possible a simple 
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analysis of the question of “channel” conductance, first where A is the value of (—Y) for the case 8V=0. By 
discussed by Brown.” Consider a sample of germanium using Eq. (7), it may then be shown that the channel 
containing a p-n junction, and suppose that the surface conductance Ga is well described by the following 
of the n-side is covered with negative ions, in such a approximations: 

way as to make the surface everywhere p-type The -BV<—BV,, —Y~—-sV+<A., 
properties of the structure will be affected by the fact : es Pane 8 : 
that the holes near the surface on the p-type side are in - Ga~K{_—-B(V+) o) !—(—BV)'}. 46) 


electrical contact with the n type side \ compiete -BV>—pV «Varn Gi gtd 


} ‘ j j irm i three 7 
analysis demands the consideration of é iree Ga~K(—BV0){[ev-¥041 1), (47) 
dimensional current flow problem, allowing for the 4 
presence of space charge, and requires a knowledge of | where 8BVo= —A*e* and K=ep,\~',£. 
how the ionic charge will change with time as a result It will be seen that, in the model of no surface states, . 
of the change in electrochemical! potential of holes andthe channel conductivity should vary rather slowly 
electrons produced by applying a bias to the junction. with reverse bias until a voltage Vo is reached, and 
It is easy, however, to write down the channel cor should fall off very rapidly thereafter. The point is 
ductance for the one-dimensional case, in which the that, for zero bias, the (negative) ionic charge is 
ionic charge and electrochemical potentials are supposed compensated partly by holes, partly by ionized donors 
iniform in the direction parallel to the surface and in the exhaustion region; as negative voltage is applied, 
constant with time. The channel conductance is then the exhaustion region widens, until finally all of the 
that surface conductance arising from minority carriers (fixed) negative ionic charge can be compensated by 
in the inversion region near the surface. Since the ionized donors. There being no holes left, the channel 
channel conductance is significant only when the _ is described as having been “pinched off.” 
inversion region is well developed, it is sufficient With an appreciable density of surface states, this 
approximation to set the actual number of minority pinching off does not occur. Using Eq. (31), we see 
carriers per unit area near the surface equal to the — that there is now no linear term in Y in the expression 


surface excess of minority carriers. We shall suppose for surface charge: therefore the approximation 
ype, so that holes are the Y¥~—8V+A should continue to hold indefinitely. 
minority carriers. In our agreed approximation, the In the limit, for —V very large, we should have 


that the base material is n 


channel conductance is thus equal to empl y ane Ga~}K (—BVo)/(—BV)}, (48) 
magnitude of this quantity depends on the density ol : 

absorbed anions, and theretore on the chemical environ- the conductivity decreasing as the inverse square root of 
ment. The interesting question is then how the channel applied voltage. For high reverse bias, however, as 
conductance depends on the voltage applied to the pointed out by Kingston,** the thickness ¢ of the region 
nearby junction in the bulk semiconductor. If the in which holes can flow becomes small in comparison 


section of the channel considered is very near the bulk with the bulk mean free path /. Following Kingston, 


junction, it is sufficient to make our usual assumption we take this thickness to mean the distance Y in 

that the electrochemical potentials are everywhere which the electrostatic potential falls through k7/e; 

iniform, so that the applied voltage V and the quantity — then, from Eq. (11), for the limit —8V>>— Vo, one has 

P on the n-type side are related ipproximateiy DY ~ 

V=P/B [see Eq. (18 *6 The voltage is imagined to : . dy ML » 
’ ¢} x LL ~ b 49) ® 


be applied suddenly, so tha é urge ( vat AOV—¥—)-1y))-2(—BV)! 
surface has not time to change. The change in the - 
space-charge region so produced still depends on the — so that, because of the reduction in available thickness, 
assumption made in regard to the surlace states. the hole mobility is reduced in the ratio \'£/2/(—B8V)?. 
We start first with the assumption .V,=.\ 0. From hus K =eu pn,£?/ 2/(—B8V)}, and 

a 9) one can white I, - mstant | yr the ise of 

{ ’ j 
interest (8V, ¥<<—1) the only terms in F(}) that need Cu pn L* (I 


Gen (50) 


and \~'Y,, we have the following 4] V 


be considered are ) e! 


equation for V: 





\28V-¥_ P=) ' - Therefore Ga~3X10-*(Vo/V) mhos per square for 

 ? t T + rr . 
germanium at room temperature. This agrees with 
19% Kingston’s conclusion*® that, at high reverse bias, the 

“Wil 53 B 

8 Since wctance is compara- conductivity should be proportional to 1/V. The 
tively low regions stant fs remarkable feature of (50), however, is that the 
the YULK unct n, t aus as kK r gst Lf nas nte x." } } ° ° ° j ‘ . 
urrent carried by the channel sets up an ohmic drop in potentia) Channel conductivity at V=Vo is, under these condi- 





along the channel, which makes the effective voltage applied tions, independent of the resistivity of the base material. 
hetween the channel and the #-type body smaller and smaller ‘ 3 ‘ a 

etween the channel and the * zoo es ; he reason for this is that the quantity \ enters both 
the I irther one proceeds away ¢ 


* RH. Kingston, Phys. Rev. 98, 1766 (1955 into the concentration of minority carriers at the surface 
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and into the width of the channel, so that the channel 
conductance depends only on A, and on this only 
through the “pinch-off” voltage Vo. 

For a channel of length c and perimeter d, the channel 
conductance should thus be = 3X10~*(d/c) at Vo~V. 
In the junction transistor structure, (d/c) may be of 
the order of 50 or more for a channel over the base 
region: the channel conductance should therefore be 
~10~* mhos at Vo~V. Experiments of Kingston** and 
of Brown* give just this order of magnitude. In an 
alloyed structure, no appreciable channel can form 
over the base, but a channel over the emitter or collector 
would have (d/c)~500, so that channel conductances 
of 10-* mho would not be surprising. 

The general conclusion of this section is to confirm 
Kingston’s observation that, for sufficient reverse bias, 
G«1/V, and to show that the coefficient in this 
relation depends on the bulk properties and surface 
treatment through the factor Vo. In comparing with 
the experimental results, however, one must remember 
that, if sufficient time is allowed after the application of 
bias, the ionic charge itself may change. 


11. Time Effects 


It has been assumed throughout that surface states 
are in extremely good electrochemical contact with the 
conduction or valence band of the semiconductor, while 
charges associated with ions are fixed. That the former 
is a reasonable assumption is shown by the observation 
that the “effective mobility” observed in a field-effect 
experiment is consistently less than the space-charge- 
only value even when measurements are made in a 
time of the order of 10~* second after switching on the 
field.” The assumption about the constancy of ionic 
charge implies that there are no further time constants 
in the surface system. This is not true. When the 
surface of a lump of germanium is illuminated by a 
fairly intense light, it is found that the contact potential 
returns over a period of seconds or minutes towards its 
initial (dark) value; on switching off the light, the 
contact potential overshoots, and only recovers the 
original value some time later. Similar effects have been 
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observed by the authors in experiments on germanium 
electrolyte systems.'’ These experiments can be 
described by saying that the ionic charge tends to 
change in such a sense as to restore the surface potential 
¥. to the value corresponding to chemical equilibrium. 
This is what one would expect from the theoretical 
treatments of chemisorption on a semiconductor given 
by Aigrain and Dugas, Engell and Hauffe and by 
Weisz.” 

The question of long-time effects introduces consider- 
able uncertainty in the application of the results of 
section B of this paper to actual systems. In addition, 
there is the complication that, in structures involving 
body p-m junctions, ions on the surface may drift under 
the influence of applied fields’* thereby introducing 
further long-time changes in surface properties. 


12. Conclusion 


In this paper we have considered the theoretical 
interpretation of experiments on the electrical properties 
of semiconductor surfaces. The theory of the space- 
charge region may be written down fairly precisely, 
but considerable ignorance still prevails as to the exact 
structure of surface under given chemical 
conditions. Measurements of surface photoeffect are 
not in themselves sufficient to answer this question, 
The most promising line of attack appears to be a 
with a 


States, 


combination of the field-effect experiment 
controlled variable chemical environment. 
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ELECTRICAL 


air to room temperature was also performed in order 
to determine the density of impurity holes in the sample 
and the electron-hole mobility ratio. These data are 
shown in Fig. 2 and are typical of the behavior of 
p-type InSb. The impurity density fo as found from 
the value of the Hall coefficient in the extrinsic range, 
3x 1 
Rat=— ” (1) 
8 poe 
was 3.26X10'* per cm’. A mobility ratio c of 32 was 
found from the condition that the Hall coefficient pass 
through a maximum in the negative region, viz., 


Rinax Res= (c—1)? Ac. (2) 


Other important properties of InSb are listed in Table I, 
including an electron mobility of about 40 000 cm?/ volt- 
sec for the sample used in these experiments. 

The Hall vs pressure data were taken using the rather 
small magnetic field of 870 gauss in order to minimize 
the field dependent term of the Hall coefficient. Simple 
theory! predicts that this term should be approximately 
0.4u,2H?X10-'*R, which for a mobility of 40 000 cm? 
volt-sec and a magnetic field of 870 gauss would have a 
value of 0.05R, where R is the zero-field Hall coeffi- 
cient. The Hall coefficient of the sample was measured 
as a function of field strength from 870 gauss down to 
290, but no measurable field dependence was observed. 
Thus, the value at 870 gauss must closely approximate 
the zero-field Hall 


coefficient. In order to verify that 
any small field dependence had no effect on the results, 
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InSb 
TABLE I. Properties of InSb. 


Energy gap at room temperature 0.18 ev," 0.16 ev® 
Electron mobility at room temperature ~40 000 cm*/volt-sec 
Mobility ratio 32 
Electronic effective mass 0.03 mo,* 0.04, >> where 
mo is the true mass 








*O. Madelung and H. Weiss, Z. Naturforsch 9a, §27 (1954 
> Breckenridge, Blunt, Hasler, Frederikse, Becker, and Oshinsky, Phys 
Rev. 96, S71 (1954 


the Hall vs pressure experiment was repeated at 24.3°C 
using a field of 290 gauss. The same slope was obtained 
on the log Hall coefficient vs pressure plot as that for 
the measurements at 870 gauss. 


INTERPRETATION OF MEASUREMENTS 


Because of the extremely small effective mass of an 
electron in InSb it is possible for a sample to become 
degenerate at relatively low conduction electron con- 
centrations. For an effective mass of 0.03mmp classical 
statistics may be used with accuracy in the analysis 
if the density of conduction electrons does not exceed 
about 2X10'® per cm’; the criterion used is that the 
Fermi level should not lie closer than 2k7 below the 
bottom of the conduction band. This 
satisfied in the experiments at 0°C and 24.3°C. Even 
though it is not quite satisfied at the higher tempera- 
ture, the using classical 
should not be significant. 

It is possible to explain the experimental results in 
terms of decreases in the density and mobility of the 
conduction electrons with the application of pressure 


condition is 


error involved in statistics 


to the sample, and to relate these decreases in turn to 
increases in the energy gap and the electronic effective 
mass. The conductivity and Hall coefficient are ex 
pressed as functions of the carrier densities and mobili 
ties by the following two equations: 


a=e(nu,+ Puy), 4) 


bn nc’ p 
R ’ +) 

Re (nc+ p)* 
where the factor 34/8 is used in (4) because Harman 
et al2 have shown that thermal scattering dominates 
InSb above 125°K. The constant value of the Hall 
coefficient over a wide range of temperatures in the 
extrinsic range indicates that nearly all the acceptor 
impurities become ionized at a very low temperature, 
and for this case it is possible to make the substitution, 


p=n-+t po, into the above equations which then become 
Po : 
a= eu) n(c+1)+ po -~nep,| 1+ (3a) 
n(c+1) 
Je n(c*—1)— pr sm 1 2 po 
R ~— , (4a) 
Se | n(c+1)+ po |’ en ne 
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DONALD 


LONG 


Taste IT. Results 


Temperature af aP)r 
0 +(14.240.3)K10~* 
24.3 14.2+0.3)x10~* 
54.3 13.1+0.4)«k10~* 


where the approximations are valid because of the high 
mobility ratio in InSb and because in these experiments 
nm Was always greater than p 

rhe value of m at any pressure is calculated by using 
Eq. (4a) from the measured value of R at that pressure 
and the values of po and c, providing the assumption 
is made that c does not vary with pressure. It is evident 
though from the above approximate expressions for ¢ 
and R that a change in c would not produce an appreci- 
able effect anyway 

An expression for yu, at any pressure is obtained by 


multiplying (3a) by (4a) and neglecting terms which 


are very small. The result is 
Sr p 1 
oR -—pal 1- 1— ; 5) 
s nN\ C+ 1 ( 


Now, according to Bardeen and Shockley,’ yu, is re 


ated to the electronic effective mass in the thermal 


scattering range by the following equation: 


Ror )ieh* Cés 
My a 6) 
(kT)! FEy2m,5/? 
where c,,; 1S the elastic constant in the direction of 


propagation of thermal vibrations, and £, is the change 
in energy gap per unit dilation. No data are available 
on the change in c,, with pressure in InSb. Lazarus‘ has 
measured the changes in elastic constants with pressure 
for KCl, NaCl, CuZn, Cu, and Al. Only in KCI and 
NaCl, which are strongly ionic crystals, did any elastic 
constant change by more than 1.5 percent for 2000 
atmospheres, the changes in these crystals being as 
‘nt. It seems probable that in InSb, 
is only Ss igt tly ionic, 


This change is small com- 


, 
large as 6 perce 
which 


the change is not much 
greater than 1.5 percent 
pared to the approximately 14 percent decrease of 
of InSb. A change in FE, would represent the 
existence of a nonlinear change in the energy gap, but 
this is unlikely because of the true exponential nature 
Thus, it can be assumed that the observed 
decrease in mobility of InSb is the result of an increase 


mobilit 


of the data 


in the electronic effective mass, the magnitude of which 
determined from Eqs. (5) and (6). 

The energy gap is related to the free carrier densities 
and effective masses at a temperature T by the following 


is then 


equation 


4(2ekT/h*)*(m,m,)' exp(—E,/kT). (7 


nin+p 


1950 


Shockley, Phys. Rev. 80, 72 
Rev. 76, 545 (1949 


+]. Bardeen and W 
‘TD. Lazarus, Phys 


Au» /uns)P =2000 atmos (Am. /mas)P =2000 atmos 


—0.16 — 0.060 
0.14 0.053 
0.12 0.046 


The change in energy gap due to the application of a 
pressure P to the sample is then calculated from the 
equation below, which follows from (7), where the 
values of m and m, at zero and high pressure are ob- 
tained by the methods previously described. 


Ny 
AE,=—kT nf )+in 
no 


=f) 
Not po 


Map 
+3kT In ) (8) 
Mm no 
No allowance has been made for a change in the effective 
mass for holes, since it cannot be deduced from the 
data. Further justification for this procedure is that 
the mass of the holes is nearer that of the free electron 
mass and should be less sensitive to pressure. The 
calculated values of (0E,/0P)r are given in Table II 
along with the corresponding values of (Ay,/uno) and 
Am,,/m,o) for 2000 atmospheres pressure. 

The lower value of (0E,/dP)r at 54.3°C may be due 
to the onset of degeneracy at this temperature. The 
apparent value of (0E,/0P)r would be lower than the 
true one when degeneracy is present in InSb, because 
the conduction band empties as the energy gap in- 
creases thereby decreasing the difference in energy 
between the bottem of the conduction band and the 
lowest state into which an electron may be excited. 
The variation in the fractional changes in electron 
mobility at the different temperatures might be ex- 
plained either as a true effect or as the result of neglect- 
ing any variation of mobility ratio with pressure when 
calculating uw, from Eq. (5). It can be seen from (5) 
that a decrease in c would tend to bring the three 
mobility decrease values into closer agreement. 
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Ac measurements of impedance changes in (ZnCd)S fluorescent 
powders upon addition of infrared radiation (a) simultaneously 
with the exciting ultraviolet and (b) various periods after excita 
tion by ultraviolet or gamma radiation are described. A decrease 
(quenching) of conductivity is always observed in the steady 
state (a), but in case (b) a strong increase (stimulation) is often 
observed. The simultaneous quenching shows two maxima, one 
in the 7500 A region, the other about 12 500 A, but the stimula 
tion decreases monotonically with increasing wavelengths. These 
two effects (quenching and stimulation) are superimposed; 
quenching can most easily be observed at relatively high conduc 
tion electron density, while stimulation is most easily observed 


INTRODUCTION 


HE change in conductivity of (ZnCd)S phosphors 
during and after excitation by light or high 
energy radiation has been investigated by means of dc 
and ac measurements.’ The change of impedance ob- 
served in ac measurements was shown to be due to the 
increase in conductivity (more electrons in the con- 
ductivity band) of the phosphor rather than an increase 
in dielectric constant due to highly polarizable filled 
traps.’ A simple model of conducting and nonconducting 
layers (the latter due to air spaces between separate 
grains, and between the electrodes and the sample) 
explains the main features of the capacitance saturation 
and shape of the Q-value curve. In addition, the 
fact that the application of infrared light after excitation 
temporarily increased the capacitance change indicated 
even more conclusively that the impedance changes 
stemmed from changes in the conduction electron 
density rather than changes in the number of occupied 
traps. 
It is well known that if infrared radiation is applied 
simultaneously with the exciting radiation, a quenching 
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long after excitation has ceased. The conductivity stimulation can 
be observed with most (ZnCd)S phosphors many days after 
cessation of excitation; thus these materials act as storage phos 
phors in which, however, the storage properties are observed by 
conductivity stimulation. Their light stimulability is often small 
A specially activated Fonda-type storage phosphor with a very 
high light stimulability, however, shows only small conductivity 
stimulation. An explanation of this behavior and the wavelength 
dependence of the stimulation and quenching in terms of the 
action of infrared irradiation on trapped and valence-band elec 
trons is given. 


is observed in both the fluorescence and de photocon- 
ductivity. Such quenching has been explained on the 
basis of the infrared light producing new possibilities 
of transitions of excited electrons to the ground states. 
However, the fact that some phosphors show first an 
increase in conductivity or light emission or both indi- 
cates that there is also an increased probability of 
transitions from traps to the conduction band. 

After special activation, some (ZnCd)S phosphors 
display an increase in light emission due to infrared 
irradiations which may be observed many days after 
excitation has ceased (storage phosphors). A corre- 
sponding stimulation of conductivity has not been 
previously investigated, but should be expected if some 
electrons enter the conduction band when expelled 
from traps. 

It should be noted that:since some electrons may 
leave traps and recombine with the positive charges 
without emitting light, glow curves may not be a 
completely valid way of detecting traps. However, it is 
possible that such traps may empty into the con- 
ductivity band under infrared irradiation and thus will 
be detected by ac conductivity measurements (d 
measurements are far less sensitive than ac measure- 
ments because of the existence of blocking layers). 
All traps, whether leading to radiative or nonradiative 
transitions can be also detected by the so-called “rise 
time’’ curves for photoconductivity and for light emis- 
sion, since steady photoconductivity or light emission 
sets in only when all traps are filled to their equilibrium 
values. Such measurements, which will be reported in a 
later paper, show that practically all (ZnCd)S phosphors 
have deep traps whose number (for all substances) are 
of the same order of magnitude so that obviously a lack 
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rape II. Correlation of capacitance change and intensit 


Bausch & Lomb monochromator. The intensity of the 
; at about 0.1 microwatt/cm?’ 


former over the entire infrared region was about 10 

milliwatts/cm*; the latter was adjusted so that about IRATE, 

100 microwatts/cm? was obtained at any wavelength for factor of 10 

setting. The particular filters used with the tungsten - —— 

source will be described below. The substances used are : vder LG-2150 

‘ wn : Agey - “ owder LG-215 

listed in Table I together with their electrical and Powder O 13 
Powder N 10 
I 


optical characteristics. 
’owder R 10 


The gamma source used in the experiments is a 
1-millicurie radium source placed at an average distance 


of about 1 inch from the sample (1.3 r/hour). by 5 to 20 percent® when the intensity of excitation in 
: Dj the range used is changed by a factor of 10 (see Table II 

B. Simultaneous Infrared Irradiation for actual percentage for each powder), these measure 

All (ZnCd)S luminescent powders investigated dis- ments show that the highest capacitance quenching 
play a quenching’ of conductivity in the steady state (LG-2150) corresponds to a change in excitation greater 


under infrared irradiation (0.7 to 1.5 microns) added to than two orders of magnitude at the short-wavelength 
band, and by a factor of almost one order of magnitude 


existing ultraviolet excitation; that is, the capacitance 
decreases, and Q increases for low excitation intensities at long wavelengths. All other samples show a quench 
left side of the O-curve. Fig. 2 of reference 2). This ing by a factor smaller than one order of magnitude at 


short wavelengths, with a smaller quenching at long 








$ wavelengths. All these infrared quenching measure 
{ ye ; 
5 ments were carried out with constant ultraviolet excita 
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The quenching curve for powder A shows that a peak 
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" di, « . this may be due to a simultaneous infrared-induced 
4 . , stimulation of conductivity that is particularly strong 
in the 7500 A region for this substance. This stimulation 
} —s s b ;, 
’ ] 
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} 4 i . . P ° : ° 
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R. (Normalize of infrared irradiation; as noted before, it also shows 
up as a temporary increase in conductivity during 
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Fic. 4. Change in capacitance upon application of various 


infrared wavelengths three days after ultraviolet excitation for 
powder A. 

off more steeply at the short wavelength end for 
ZnCd)S powders, since they can already be excited in 


this wavelength region. 


C. Infrared Irradiation after Excitation 


Figure 3 shows the effect of infrared radiation of 
various wavelengths during the current decay of a 
powder A one-half hour after removal of 10 microwatts 
of ultraviolet excitation. Infrared at 7200 A and 8000 A 
shows a strong increase in capacitance (stimulation of 
conductivity) contrary to the quenching obtained with 
simultaneous Fig. 1 
changes of capacitance are described by AC=C,,—( 

When the infrared light is turned off there is a sharp 
the 


ultraviolet excitation these 


instantaneous drop in capacitance even below 
normal decay curve. This is another indication of 
conductivity stimulation’ and allows the detection of 
such stimulation even when the over-all effect is that 
of quenching. Using 10000 A and 12 000A infrared 
irradiation, a strong quenching of the decaying con- 
ductivity is observed. Although these wavelengths show 
a pronounced quenching, the instantaneous sharp drop 
when these wavelengths are turned off indicates some 
stimulation is occurring although it is almost negligible 
at 12 OOO A, 
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Fic. 5. Change in capacitance due to infrared irradiation five 


hours after gamma excitation for powder A 
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A long-time stimulation (performed a long period of 
time after excitation) of this powder is shown in Fig. 4. 
The powder was excited by ultraviolet and, after a 
three-day period in the dark, was irradiated successively 
by infrared of 12 000, 11 000, 10000, 9000, 8000 and 
7200 A in that order. Down through 10000 A there 
was very little stimulation (the small increase in 
capacity may be due to some stray light), but at 
8000 A and 7260A there is a marked increase of 
capacitance reflecting the increase of conductivity. 

This experiment shows conclusively that the capacity 
changes noted in (ZnCd)S powders cannot be due to 
electrons while they are in traps since these curves show 
that the capacitance is increased when the traps are 
emptied, presumably into the conduction band. 

These capacitance changes may be compared to the 
light emission obtained with storage phosphors when 
irradiated with infrared a long time after excitation; 
these changes of capacitance are due to a stimulation 
in conductivity and are thus not limited to the presence 
of a second activator which makes a luminescent ma- 
terial a good light stimulable phosphor. It will be shown 
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Fic. 6. Change in capacitance due to infrared irradiation during 
conductivity decay of Fonda phosphor LG-2150 


that light stimulation does not necessarily require an 
increase of the density of electrons in the conductivity 
band ; 
current stimulation because the probability of recom- 
bination accompanied by light emission is so large that 
the lifetime of the electrons in the conductivity band 


thus such a storage phosphor may not show 


may be quite short. 

Powder A also shows a strong stimulation 5 hours 
after gamma irradiation (Fig. 5). After the capacitance 
change had decreased from 2.5 percent to 1 percent, 
a stimulation greater than 20 percent was observed 
when infrared irradiation was applied. The capacitance 
change rises to a peak of 20 percent at this time although 
the capacity change during excitation was only about 
2.5 percent, indicating that the gamma excitation was 
utilized mainly in filling traps, rather than building up 
a large conduction-electron density. A 7-69 filter was 
used in this experiment; this passes a band of infrared 
between 7200 A and 10 000 A with an intensity of about 
1 milliwatt/cm*. Thus in the case of very weak excita- 
tion such as with high-energy radiation (the gamma 








INFRARED STIMULATION 





excitation corresponded to an absorbed energy of only 
4X10-" watt/cm*), radiation is much more easily 
detectable by stimulating the sample after a certain 
time of irradiation and observing its capacitance change 
than by measuring this change during excitation. 
Figure 6 shows the effect of infrared irradiation during 
the decay of the conductivity of powder LG-2150, a 
strong light-stimulable phosphor. Although this particu- 
lar powder is a Fonda-type*® phosphor [ZnS(Cu,Pb) ] 
and shows tremendous light stimulation, the over-all 
current stimulation is quite smal] (when observed) and 
a large quenching is obtained when infrared of 7200 A 
is applied. This is in agreement with the strong simul- 
taneous infrared conductivity quenching for this powder. 
This strong quenching is presumably caused by recom- 
binations accompanied by light emission which are very 
frequent in this substance (see conclusions). The current 
stimulation cannot be observed until after several hours 
of decay [points (b) and (c) of Fig. 6], earlier (a) only 
the quenching can be seen. However, after the infrared 
is removed, a further drop is observed, indicating that 
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Fic. 7. Change in capacitance due to infrared irradiation during 


y decay of powder 0 


some current stimulation was occurring during the 
quenching. Another factor tending to decrease any 
current stimulation is the fact that this powder has an 
extremely slow rate of decay; that is, even after several 
hours the remaining conductivity is still large. Thus, 
the quenching effect. (which is already large for this 
particular phosphor) is 
stimulating effect. This hi 
stance is the one which shows the weakest current- 


far more important than the 
ghly light-stimulable sub- 
stimulation, even when this long decay of conductivity 
is taken into account. 

A decay curve starting with full (ultraviolet) excited 
sample shows a slow decrease similar to Fig. 6; 15 hours 
after excitation the application of infrared of 7200 A 
stimulation, but than with 
powder A, then a quenching; radiation with 12 500 A, 
however, shows only quenching. 

The effect of infrared irradiation on the conductivity 
of an orange-luminescent phosphor with very short 
light decay (powder O) is shown in Fig. 7. A much 


shows a much smaller 


*G. R. Fonda, Trans. Electrochem. Soc. 87, 339 (1945 
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Fic. 8. Change in capacitance due to infrared irradiation 10 hours 
after ultraviolet excitation for powder O 


faster conductivity decay is observed (few shallow 
traps) than with the long decaying 2150 substance. 
About 1 hour after excitation, the application of 
12500 A infrared results in a but noticeable 
capacitance increase (current stimulation). Following 
this, 7200 A infrared is applied, and a much stronger 
stimulation is observed. A still stronger stimulation is 
observed (Fig. 8) when the sample is left in the dark 
for 10 hours and irradiated using a 7-56 filter.” Thus, 


small 


again, a long-time stimulable conductivity is observed, 
even with a short persistent, practically nonlight- 
stimulable (ZnCd)S phosphor. 

Previous gamma excitation also yields a stimulation 
of conductivity. About one-half hour after the gamma 
radiation has been removed, a strong current stimula- 
tion is observed with 7-56 infrared irradiation. All the 
traps were not emptied in the first infrared application ; 
after 2.5 hours in the dark a second infrared application 
again resulted in a noticeable further stimulation. 

Powder N is also a relatively fast-decaying powder, 
dropping from a capacitance change of 62 percent to 
20 percent in less than 10 minutes, again indicating 
only a small density of shallow traps. Short-wave infra- 
red irradiation (7-69 filter) shows a strong stimulation 
20 hours after full ultraviolet excitation (Fig. 9) indi- 
cating a considerable number of deeper traps. If infra- 


red irradiation of longer wavelength (7-56) is applied, 
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Fic. 9. Char ge in 
after ultraviolet excitation for powder NV 


capacitance due to infrared irradiation 20 hours 


” Passing wavelengths greater than 8000 A, intensity about 10 
milliwatts/cm? 
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} uno order of magnitude. When the infrared was turned off 

=z PowneR N there was a further drop of 1 percent capacity change. 
This powder however shows strong stimulation using 
] 7200 A infrared irradiation about one hour after gamma 
excitation (Fig. 13). A tremendous increase in capacity 
a is observed (25 percent) although the equilibrium 
capacitance change after 15 hours of gamma excitation 
zo} ‘ Lon is only 12 percent. The reason for the large stimulation 
. oy peak in this run is due to the much smaller conductivity 











\ present immediately before stimulation (see Sec. 3 
| ent tans dee io Besides these substances, other phosphors have been 
investigated with similar results. These are given in . 
I 10. ( ge i e du infrared irradiation during Table I. It is seen that one of the two substances with 
‘ f an 2 i . . ° - -— . 
: ; weak current stimulation is 2150, which showed the 
highest stimulated light emission. 
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INFRARED STIMULATION 
It should be mentioned that all the capacitance 
changes observed under illumination or stimulation can 
be duplicated by observing the dissipation factor or the 
Q-value instead. In this case, however, it must be con- 
sidered that the Q-factor changes with increasing con- 
ductivity quite differently from the capacitance. With 
increasing conductivity it first drops sharply, goes 
through a minimum and rises again with increasing 
conductivity (see Fig. 4 of reference 2). Hence, with 
current stimulation, for instance, a decrease of Q is 
obtained if one works on the descending branch of the 
Q-curve, but an increase will result on the ascending 
branch of the Q-curve; with current quenching just 
the converse effects are obtained. Since it is not always 
possible to say in which part of the Q-curve the obser- 
vations are performed, especially if fast changes in 
conductivity occur, it is more convenient to investigate 
the changes in C in order to gain information about the 
changes in conductivity. As an example, the corre- 
sponding changes of C and Q for a sample of powder O 
are described in Fig. 14 for excitation, decay, stimula- 
tion, and quenching. In the first 40 minutes the con- 
ductivity buildup is seen and the rise in C is accom- 
panied by a drop in Q. When the exciting ultraviolet 
illumination is turned off (first broken line), C drops 
and Q rises but not quite to its original dark value. 
When infrared is broken 
C abruptly jumps to a high value and Q drops just as 
fast; then C drops slowly again because of the decay 
of conductivity under infrared irradiation. 0, however, 
drops even further at the beginning because with this 


turned on (second line), 


stimulation a point was reached which was on the right 
side of the 0-minimum. After passing this minimum, the 
(Q-value rises since at low conductivity the Q values 
increase with decreasing conductivity. 


3. CONCLUSIONS AND DISCUSSION 


In general, the discussion of stimulation and quench- 
ing of light emission or conductivity in the (ZnCd)S 
phosphors by infrared radiation has involved the re- 
lease of electrons from traps and the production of free 
holes in the valence band. On the basis of the above 
experiments it is possible to complement this mecha- 
nism, 

First, it must be stressed that these experiments on 
conductivity stimulation and quenching show that 
different elementary processes are induced by the same 
infrared wavelengths. Quenching is most obviously 
observed in the steady state (simultaneous excitation 
and infrared irradiation). Here infrared irradiation de- 
creases the light emission and also the conductivity 
over the whole range of infrared wavelengths with two 
maxima of quenching, around 12500A and 7000 
8000 A. It must, however, be borne in mind that this 
observed decrease in conductivity is a superposition of 
a stimulation and a quenching process in which the 
quenching effect always prevails. This is noteworthy 
since it is not as evident as it is in the case of light 
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Fic. 13. Change in capacitance due to infrared irradiation 
after gamma excitation for powder R. 


emission. Without infrared irradiation, most excited 
electrons return to the ground state accompanied by 
light emission; hence additional infrared irradiation 
cannot increase the light emission in the steady state, 
since almost all excited electrons emit light in any case. 
Therefore, if infrared creates nonradiative transitions, 
the over-all effect must be that of light quenching, and 
this is correct even when some slight quenching also 
occurs under normal conditions without infrared. 

This is not necessarily the case with conductivity, 
which depends upon the density of electrons in the 
conduction band (and perhaps to a lesser degree on that 
of holes in the valence band). The density in the con- 
duction band would be increased if infrared irradiation 
only releases additional electrons into this band from 
traps and would be decreased if infrared irradiation 
only produces new transitions to the valence band 
both 


processes occur simultaneously and thus it is not evident 


(recombination the experiments show that 


which process will prevail. The experiments show that 
in the steady state the density of electrons in the con- 
duction band is always decreased by infrared irradiation 
at least at room temperature); this means that the 
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Fic. 14. Capacitance change and Q-curve for powder O showing 
excitation, decay, and infrared stimulation. 
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drain of electrons from this band by recombinations 
created by infrared irradiation surpasses the stimulation 
of electrons into the conductivity band. 

Stimulation is more easily observed in the nonsteady 
state, along the decay curve of conductivity. Here the 
net effect also depends on the magnitude of both stimu- 
lation and quenching. Since the amount of quenching 
depends on the density of electrons already present in 
the conduction band before infrared is applied, the 
absolute amount of quenching is low when only a small 
is available to 


conductivity (low-conduction density 


be quenched. But stimulation can then be easily ob- 


served since electrons are released from deep traps 
filled by previous strong excitation) into the nearly 
empty conduction band. Thus at high-electron density 
in the conduction band (immediately after excitation 
the net effect is often that of quenching or of only small 
stimulation, whereas further along the decay curve 
stimulation becomes more pronounced particularly for 
shorter infrared wavelength; at very low conductivity 
very long after excitation) quenching obviously cannot 
be detected at all. These effects are similar to those 
observed with de conductivity.’ 

It may be emphasized again that stimulation into 
the conduction band can still be observed even when the 
over-all effect is that of quenching along the decay 
curve. If, during the ac conductivity decay, the infrared 
radiation is turned off, a further instantaneous drop in 
conductivity occurs (see Fig. 6, for instance). This drop 
is caused by the sudden cessation of the electron transfer 
from traps into the conduction band due to infrared. 
The magnitude of this drop is thus also a measure of the 
stimulation by infrared. 

It is found that stimulation decreases monotonically 
with increasing \ and practically vanishes in the region 
of 12 000 to 13 000 A. Thus, the wavelength dependence 
of current stimulation and of quenching seem to be 
quite different since the quenching displays two maxima, 
one in the region where stimulation has practically 
vanished. 

The maxima of the 


quen hing process can be ob- 


served, not only in the steady state (simultaneous 


excitation and infrared irradiation) but also along the 
The drop in the decay curve due to 
infrared irradiation (see for instance Fig. 12—-powder R 
is stronger for 7200 A than for 9000 and 10 500 A but 


for 12000A in complete agreement 


dex av curve 


increases again 


with the steady-state quenching curve of this substance 


lio ? 

- - 

Light stimulation and quenching differ in behavior 
that of the rhe 


quenching curves show similar maxima as the current 


from conductivity observed light 
quenching curve, indicating that both are in some way 
connected with each other, but when the influence of 
infrared on the light decay is studied, especially in the 
Fonda-type phosphors, strong light stimulation often 
occurs at the same wavelengths where current quench- 


ing prevails. Further, the light-stimulation curve is not 
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monotonic but displays the same maxima as the 
quenching curve. Strong-light stimulation occurring a 
long time after excitation has ceased and due to special 
activation is relatively rare, whereas current stimulation 
of such a type occurs in many substances. 

To explain these observations together with the 
known effects of light stimulation in Fonda-type 
phosphors," it is assumed that the current stimulation 
is always due to the release of electrons from traps 
ranging down to approximately one volt (measured 
from the bottom of the conduction band); that traps 
of such depth are present in appreciable number follows 
from the fact that stimulation of conductivity (not the 
conductivity itself) decays only extremely slowly with 
time (three days after excitation considerable con- 
ductivity is still stimulated ; Fig. 4). Before the addition 
of infrared, the number of trapped electrons are in 
equilibrium with the number in the conduction band 

n.) in accordance with the equation! 


n./n,=N-/ Nort 6,/Bnor, 


where , is the number of electrons occupying the traps 
of kind ¢t, mo is the total number of traps of kind ¢ 
available (both per unit volume), 8 is the probability 
for trapping, assumed equal for all traps, and 6, is the 
probability per unit time of release of electrons from 
traps. Such an equation holds separately for each trap 
level. The addition of infrared irradiation effectively 
increases the 6, term, as if a higher temperature were 
applied. The effect, therefore, for n-<mn,, is that a 
larger number of electrons is now transferred into the 
conduction band, and an increase in conductivity 
would occur if the infrared induced no additional re- 
combinations. 

The quenching of light" and conductivity by infra- 
red has been ascribed to the production of free-moving 
holes (E in Fig. 15) in the valence band by lifting elec- 
trons out of the valence band into some higher energy 
perhaps an ionized activator). The holes thus 
created are free to move and recombine with free (D) 
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Fic. 15. Energy-level diagram for (ZnCd)S phosphors. A acti- 
vators; B traps; C special activators (i.e., Pb); D radiationless 
recombination of hole and free electron; E hole; F radiationless 
recombination of trapped electron and hole; G radiationless re- 
combination at quenching center 


‘See Fig. 15 for transitions discussed in the following para- 
graphs 

2M. Schon, Z. Physik 119, 470 (1942); Ann. Physik 3, 333 
(1948 





INFRARED STIMULATION 
or trapped (F) electrons directly or indirectly via 
centers (C,G), thus tending to decrease the density of 
conduction electrons. Light quenching, however, will 
only occur if some of these recombinations are non- 
radiative. It will be also assumed for the purpose of 
explaining the two quenching maxima, that there are 
at least two different energy levels involved in the pro- 
duction of holes (E’, E’’). 

We attribute these two levels to the hole production 
process rather than to the release of electrons from 
traps because these maxima only occur in the current 
quenching and not in current stimulation. Besides this, 
there is evidence from investigation of light stimula- 
tion'® indicating that these two maxima are not con- 
nected with different levels of trap. Of course, if this 
assumption is made, one must explain why two maxima 
occur in light stimulation and not in current stimulation. 
This will be done below. 

The free holes moving in the valence band do not 
essentially contribute to conductivity since no indica- 
tion of current stimulation is found for long wave- 
lengths where a quenching maximum occurs. This may 
be due to the fact that the holes recombine quickly with 
the available electrons or are otherwise immediately 
retrapped. 

In all (ZnCd)S phosphors tested up to now in this 

laboratory there was a definite quenching of the con- 
ductivity under additional infrared radiation (also 
noted in fluorescent light emission). This may be under- 
stood as follows. The electron density in the con- 
ductivity band at a certain ultraviolet intensity is 
mainly determined by the many shallow traps and not 
as much by the deep traps which are filled to saturation. 
From the shallow traps there is a constant release of 
electrons into the conduction band by thermal action 
6,). Infrared irradiation increases this release, but not 
by a very large amount relative to this constantly 
present release by thermal action; the recombinations 
with the valence band, however, occur relatively seldom 
without infrared and are tremendously increased by 
such irradiation (as radiative or radiationless transi- 
tions) and the experiments show that this increase 
surpasses the increase in total release of electrons into 
the conductivity band. 

The results obtained with light stimulation may be 
explained as follows. In the long-time light-stimulable 
two maxima in light 
stimulation occur corresponding to the quenching 


substances (Fonda phosphor), 


maxima of the light®'* and conductivity; the stimula- 
bility at the long infrared wavelength does not persist 
very long but decays considerably within one day." 
To explain the coincidence of the light-stimulation 
maxima with those of conductivity-quenching maxima, 


4 (to be published 

* Polytechnic Institute of Brooklyn, Final Report for Contract 
NObsr 39045, June 30, 1949 (unpublished) 

6 (to be published). 
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it is assumed that at least two types of current- 
quenching centers exist; one which induces recombina- 
tion accompanied by light emission (C), and the other 
which gives rise to radiationless transitions (D, F, 
and G). Both induce current quenching but only the 
second type causes light quenching. If the recombina- 
tions via the radiative centers are more probable 
(perhaps because of a larger recombination cross 
section) than the normal radiative transition via the 
activators and via the nonradiative centers, then light 
stimulation will be at its maximum when hole produc- 
tion is at a maximum and thus the quenching maxima 
and the light stimulation maxima will coincide in wave- 
length. The long wavelength light stimulation comes 
about by a recombination of electrons still in the con- 
duction band or in shallow traps with the freed holes 
(via the aforementioned centers) whereas the short- 
wave maximum comes about by the simultaneous 
release of electrons from deep traps and of holes and 
their recombination thereafter. Thus in the case of 
special radiative centers, hole production induces light 
stimulation and strong current quenching since the 
probability of transitions to the ground state is aug- 
mented by the additional radiative centers. Thus it is 
found, particularly with light stimulable substances, 
that the net effect on conductivity (even at short wave- 
lengths) is that of strong quenching soon after excita- 
tion; only at the later parts of the conductivity decay 
curve does stimulation become noticeable. However, in 
any case in such a substance the current stimulation is 
found to be weak since it is simultaneously counter- 
balanced by strong recombinations. In accordance with 
these ideas it was found that some substances with 
weak light stimulation show strong current stimulation. 

The investigations reported in this paper show that 
the so-called storage phosphors are not as much distin- 
guished by their storage properties as by their capability 
of light stimulation. The stimulation of conductivity 
long after excitation is very common and occurs in 
nearly all substances, indicating that many of them 
have equal storage qualities, but they differ tremen- 
dously in their capability of light emission when they 
are stimulated. 

In this connection it may be noted that three methods 
of detecting electrons stored in deep traps have been 
discussed, namely the rise-time method, the infrared 
stimulation of light emission, and the infrared stimula- 
tion of conductivity. There is still another effect which 
can be used to detect such filled traps, the effect of 
persistent polarization in such photoconductive sub- 
stances.'* The persistence of this polarization depends 
on the time that electrons stay in these traps, and by 
measuring the decay of this polarization it is possible to 
obtain information about the number and depth of 
these traps. 

In conclusion, it should be stressed that the given 


© H. Kallmann and B. Rosenberg, Phys. Rev. 97, 1596 (1955 
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explanation may not be the only one that can be chosen 
to account for the stimulation and quenching with 
infrared radiation of conductivity and light in (ZnCd)S 
phosphors. Since it explains, with a minimum number 
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of assumptions, the basic experimental results, and fits 
into the general band picture for these phosphors, it 
seems a reasonable starting point in a quantitative 
theory of the electronic transitions in such phosphors. 
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Electrical Properties of p-Type Indium Antimonide at Low Temperatures* 


H. Frrrzscue AND K. Larx-Horovitz 
Depariment of Physics, Purdue University, Lafayette, Indiana 
(Received April 11, 1955) 


The electrical resistivity p, Hall coefficient R, and transverse magnetoresistive ratio Ap/p of p-type single 
crystals of indium antimonide have been measured between 370°K and 1.5°K. Low-temperature anomalies 
similar to those observed by Hung on germanium have been found, a steep maximum in the logR versus 1/T 
curve and a change of slope of the logo versus 1/T curve. Contrary to the case with germanium, the magneto 
resistive ratio of InSb does not vanish in the lowest temperature range, but it changes its sign from positive 
to negative as the sample is cooled to a temperature somewhat lower than that at which the Hall coefficient 
reaches its maximum value. Negative values of the magnetoresistive ratio cannot be explained by the usual 
theory of semiconductors. At the present time it also is not clear how Hung’s model of impurity band 
conduction can account for negative values of the magnetoresistive ratio 


INTRODUCTION 


T temperatures above 78°K indium antimonide 
behaves like a conventional semiconductor, as 
of the Hall coefficient and 


* 


previous measurements!” 
the resistivity have shown. 

Several materials, however, which show the norma! 
behavior. of semiconductors at higher temperatures 
exhibit anomalous electrical properties at low tempera- 
tures which cannot be explained by the usual semi- 
conductor theory. Germanium, for instance, shows 
large deviations from the normal behavior in the range 
below 50°K, as Hung’ discovered in 1950. The Hall 
coefficient of germanium does not increase indefinitely 
as the temperature is lowered, but reaches a maximum 
value and decreases thereafter by orders of magnitude. 
In the logp vs 1/7 curve, one can distinguish a larger 
slope in the higher temperature range, before the Hall 
maximum is reached, and a much smaller slope at still 
lower temperatures. 

Anomalies similar to those discovered by Hung on 
Ge have been found by Busch and Labhart* on SiC. 
Also, TiO, seems to show the same abnormal behavior 


* Supported by U. S. Signal Corps 

'H. Welker, Z. Naturforsch. 7a, 744 (1952) and Sa, 248 (1953), 
Physica 20, 893 (1954), also Scientia Electr. 1, 2 (1954); H 
Weiss, Z. Naturforsch. Sa, 463 (1953); R. G. Breckenridge, 


Phys. Rev. 90, 488 (1953); M. Tanenbaum and J. P. Maita, 
Phys. Rev. 91, 1009 (1953); Cunnel, Saker, and Edmond, Proc 
Phys. Soc. (London) B66, 1115 (1953); O. Madelung and H 


Weiss, Z. Naturforsch. 9a, 527 (1954 

* Breckenridge, Blunt, Hosier, Frederikse, Becker, and Oshin 
sky, Phys. Rev. 96, 571 (1954) 

*C. S. Hung and J. R. Gliessman, Phys. Rev. 79, 726 (1950) 
and 96, 1226 (1954); see also H. Fritzsche and K. Lark-Horovitz, 
Physica 20, 834 (1954 

*G. Busch and H. Labhart, Helv. Phys. Acta 19, 463 (1946 








at low temperatures, as recent measurements in this 
laboratory indicate. 

As an explanation for the anomalous behavior of 
germanium at low temperatures, Hung® suggested that 
a small but finite conduction takes place in the impurity 
band, in addition to conduction in the ordinary con- 
duction band. 

A detailed theory of conduction in impurity bands 
has not yet been worked out. In any theoretical discus- 
sion, however, the explanation of the formation of a 
conducting impurity band with impurity concentrations 
as low as 10'*/cc is rather difficult. It would be of 
interest, therefore, to investigate whether other ma- 
terials also exhibit anomalies at low temperatures and 
how they differ from those in germanium. This might 
throw some light on the conduction properties of im- 
purity bands or even suggest a different explanation for 
the anomalies. For this reason, an investigation of the 
electrical properties of indium antimonide at very low 
temperatures has been undertaken. 

This paper reports the measurements of electrical 
resistivity, Hall coefficient, and magnetoresistive ratio 
on several p-type single crystals of indium antimonide 
down to 2°K.* 


EXPERIMENTAL PROCEDURE 
A. Preparation of Samples 


The samples used were prepared by Miss L. Roth of 
this laboratory. The indium obtained from the Indium 


*C. S. Hung, Phys. Rev. 79, 727 (1950). 

* Some low-temperature measurements on InSb have also been 
made by the Oxford group, without giving the details reported 
here. See J. Hatton and B. V. Rollin, Proc. Phys. Soc. (London) 
A67, 385 (1954). 














ELECTRICAL PROPERTIES OF p-TYPE 


Corporation of America and the antimony obtained 
from Bradley Mining Company were zone heated 
separately in a hydrogen atmosphere until they were 
spectroscopically pure. The metals were then melted 
together and zone heated sixteen times in a hydrogen 
atmosphere. No impurities were added to the melt 
intentionally. Single crystals of indium antimonide were 
grown by the Czochralski method at a rate of 2 inches 
per hour in a hydrogen flow of about two liters per 
minute. Single crystals weighing up to 130 grams have 
been obtained. One crystal was annealed at 375°C ina 
vacuum of about 10-* mm Hg for 77 hours. 

The top parts of the crystals usually have a smaller 
conductivity than the bottom parts. This makes it 
possible to cut samples with different conductivity 
from the same ingot. The samples were cut to a size of 
about 10 mmX4 mm X1 mm with their large areas 
transverse to the concentration gradient in order to 
minimize the error due to such a gradient inside the 
sample. The sample surfaces were then ground with 
No. 600 carborundum. 

Measurements of the resistivity along the length of 


TABLE I. Properties of samples of p-type InSb on 


whic measurements were made. 

R Rex/p Crystal 
78°K) P 2.5°K orientation of 
InSb cm! 78°K) cm! Na Np current mag. 
Sam- cou ohm volt"! m*=me/6 m* =mo/6 flow field 

ple lomb cm sec™ cm" cm" E 
a®* 7300 1.23 0.6 16X10 1.510 (110) (112) 
b* 6300 1.23 08 18X10 1.610" (110) (112) 
¢ 1200 0.19 5.9 16X10 68x10" (110) (112) 
d 200 0.072 120 (110) (100) 


e 76 0.065 180 polycrystalline 


* Sample a is annealed at 375°C, whereas sample b is not. 
the samples at 300°K and 78°K showed the samples to 
be homogeneous. 

Teflon insulated 0.0003-in. copper wires were attached 
to the sides of the sample with Cerroseal-35 solder to 
serve as current and potential leads in the usual 
arrangement for Hall and resistivity measurements. 


B. Apparatus 


The cryostat and the electrical measuring circuit are 
identical with those used and described before.* The 
cryostat allows one to take measurements at any 
temperature between 1.3°K and 300°K. Care was taken 
that no light or room temperature radiation could reach 
the sample during the measurements at low tempera- 
tures. 

All voltages were measured with the conventional 
compensating method using a type K-2 potentiometer 
and a Leeds and Northrup high-sensitivity galva- 
nometer. 


EXPERIMENTAL RESULTS 


The samples on which measurements were made are 
listed in Table I. The samples a, 5, c, and d are single 
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Fic. 1. Resistivity of p-type indium antimonide as a function of 
1/T between 78°K and 370°K. 


crystals. The polycrystalline sample ¢ is included for 
comparison with the other samples in the lowest 
temperature region. The samples a and 5b are identical 
but for the fact that 6 was measured before and a after 
it was annealed for 77 hours at 375°C. 

All samples were found to be p-type. In order to 
show that these samples of indium antimonide behave 
completely normally at higher temperatures and in 
agreement with the results of other investigators, the 
temperature dependences of their resistivity and Hall 
coefficients between 370°K and 78°K are shown in 
Figs. 1 and 2, respectively. 

For these measurements the low-magnetic-field 
approximation was used for the Halli coefficient. Resis- 
tivity and Hall coefficient are independent of the 
current for electric fields between a hundred microvolts/ 
cm and a hundred millivolts/cm. No breakdown meas- 
urements have been performed with higher electric 
fields. 


A. Hall Measurements 


The Hall coefficient was measured with magnetic 
fields between 450 and 900 gauss. Since it was found 
that R is independent of the magnetic field strength 
up to fields of about 1000 gauss, above which R begins 
to decrease with increasing field strength, the values of 
R reported here follow the low-field approximation. A 
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Fic. 2. Hall coefficient of p-type indium antimonide as a function 
of 1/T between 78°K and 370°K. 
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Fic. 3. Hall coefficient of p-type InSb as a function of 1/T. 
Note the small slopes of the Hall curves of the samples c and d 
at temperatures below 5°K. These slopes are much smaller than 
those of the corresponding resistivity curves in the same temper- 
ature range. 


larger field of 3500 gauss was used only in the lowest 
temperature range where the Hall coefficient becomes 
very small. Electric fields between a few millivolts/cm 
and several hundred millivolts have been used. In this 
range the Hall coefficient is independent of the current 
through the sample. 

Figure 3 shows how the Hall coefficient of indium 
antimonide containing various amounts of impurities 
depends on temperature between 78°K and 2°K. The 
main features of these curves can be summarized as 
follows: 

(a) The Hall coefficient reaches a maximum value 
with decreasing temperature and then drops rapidly as 
the temperature is lowered, down to a value which is of 
the same order of magnitude as the Hall coefficient at 
exhaustion. (b) If plotted logarithmically against 1/7 
the Hall curves are approximately symmetric with 
respect to the temperature at which the Hall coefficient 
has its maximum value. (c) The Hall maximum de- 
creases in magnitude and shifts to higher temperatures 
with increasing impurity concentration. 

The concentrations of acceptors V4 and of donors 
Np in the samples a, 6, and ¢ have been obtained from 
the analysis of the temperature dependence of their 
hole concentrations.’ The effective mass of the holes 
was assumed to be m*=mo/6. This is the only known 
value so far. It was calculated* using the product of 


’H. Fritzsche, Ph.D. thesis, Purdue University, 1954 (to be 
published) 
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hole and electron concentrations in the intrinsic range, 
the ratio of electron to hole mobility at room tempera- 
ture and the temperature dependence of the intrinsic 
energy gap as determined optically. 

Because of the large number of assumptions involved 
in the calculation, the effective mass is uncertain to a 
large degree.* The concentrations of acceptors V4 and 
of donors Vp listed in Table I can, therefore, be used 
only for qualitative comparison of the samples. 

This comparison yields the following results. The 
samples a and b which, due to their large Hall coeffi- 
cients at exhaustion, were thought to be the purest 
samples obtained actually contain large concentrations 
of both acceptors and donors which compensate each 
other. Sample c is the purest sample, although it also 
contains a large number of compensated impurities. 

Evidence for this is found also in the measurements 
of resistivity and magnetoresistive ratio as will be 
shown later. 


B. Resistivity Measurements 


The log resistivity versus 1/T curves are shown in 
Fig. 4. The log resistivity versus 1/T curves have large 
slopes at temperatures above the Hall maximum and 
much smaller slopes at temperatures below the Hall 
maximum. The resistivity can be described approxi- 
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Fic. 4. Resistivity of p-type InSb as a function of 1/7. The 
loge versus 1/T curves are straight lines from @@put 5°K down to 
1.5°K, which is the lowest temperature at whith measurements 
have been performed. 

* We are indebted to C. Kittel for letting us see a manuscript 
on cyclotron resonance in InSb [Dresselhaus, Kip, Kittel, and 
Wagoner, Phys. Rev. 98, 556 (1955) ], which suggests tentatively 
one effective mass value for holes in InSb as m* =0.18mp. 














ELECTRICAL PROPERTIES 


mately by an equation 
1/p=Cye~*!*T+-Cye- #7, (1) 


with ¢,~8X10- ev and e~4.5X10~ ev, where the 
C,; may depend slightly on temperature. 

The first exponential term of this equation is due to 
the temperature dependence of the hole concentration 
in the valence band, as can be seen from the exponential 
increase of R with increasing 1/T before the Hall 
maximum is reached. The second term, however, cannot 
be explained as being due to excitation of electrons from 
the valence band into lower-lying acceptor levels, as 
the completely different behavior of the Hall coefficient 
in the lowest temperature range shows. The measure- 
ment of the resistivity has been extended down to 
temperatures of about 1.5°K. The resistivity of the 
samples continues to increase as described by Eq. (1), 
and no further change has been observed. 

The logarithm of the Hall mobility R/p of these 
samples is plotted against logT in Fig. 5. The Hall 
mobility passes through a maximum at a higher 
temperature than that at which the Hall coefficient 
reaches its maximum value. At lower temperatures R/p 
decreases, first slowly, and then very rapidly at temper- 
atures below that at which the Hall maximum occurs. 
This last part is certainly not proportional to any drift 
mobility because the Hall coefficient ceases to be 
proportional to the reciprocal of the carrier concen- 
tration as long as it decreases with decreasing temper- 
ature. 

The Hall mobility of sample c is much larger than 
that of the samples a and 6 despite the fact that sample 
c has a smaller Hall coefficient at exhaustion. This can 
be understood because the samples a and 6 contain a 
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Fic. 5. The temperature dependence of the Hall mobility R/p. 
The Hall mobility of sample c is larger than those of samples a 
and 6 indicating the smaller impurity content of sample c. 
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Fic. 6. The absolute value of the transverse magnetoresistive 
effect, as measured with a magnetic field of 3500 gauss, as a 
function of 1/7. The temperature at which the magnetoresistive 
ratio changes from positive to negative values depends on the 
impurity content of the InSb samples. It is somewhat lower than 
the temperature of the Hall maximum. 


larger concentration of compensated impurities which 
act as additional ionized scattering centers. In other 
words, in samples a and b the concentration of ionized 
impurity centers V;=2Np+n is larger, although the 
concentration of electrons at exhaustion m,.x,=N4—Np 
is smaller, than in sample c. 

All resistivity curves have a finite slope in the lowest 
temperature range which, however, is larger than the 
slope of their corresponding Hall curve. 

The measurements on the polycrystalline sample e 
are included in these graphs because they show one 
characteristic which is found to be not only a property 
of indium antimonide but also of germanium. In the 
lowest temperature range, the resistivity and Hall 
curves of polycrystalline samples, plotted logarithmi- 
cally against 1/7, always have a much smaller slope 
than those of single crystals. 


C. Magnetoresistive Ratio 


The transverse magnetoresistive effect of the three 
samples a, b, and ¢ was measured as a function of 
temperature using a field of 3500 gauss. For each 
measurement of the resistivity in the presence of the 
transverse magnetic field, four readings were taken 
with opposite directions of sample current and opposite 
directions of magnetic field to eliminate thermal emf’s 
and pick-up in the circuit and to see whether the 
magnetoresistive ratio is an even function of the 
magnetic field strength. This was found to be the case 
within the limits of accuracy of the measurements. 

In Fig. 6 are shown the magnetoresistive ratio versus 
1/T curves for the samples a, 6, and c. At about the 
temperature of the Hall maximum the magnetoresistive 
ratio drops sharply as the temperature is lowered, 
reverses its sign, and then remains negative down to 
the lowest temperature investigated, which is about 
2°K. At temperatures below the reversal, the absolute 
magnitude of the magnetoresistive ratio first increases 
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Fic. 7. The transverse magnetoresistive ratio of sample ¢ as a 
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function of magnetic field stren various temperatures 


Ap/pn is negative at 4.2°K and positive at 20°K, 78°K, and 300°K 


quickly, then slower with decreasing temperature, and 
is still rising at about 2°K. In the lowest temperature 
range the slopes of the log(Ap/py,) versus 1/T curves 
seem to be comparable with those of the log resistivity 
T curves. 

Between 78°K and 20°K, the magnetoresistive ratio 
of samples a and 6 is smaller than that of sample c 


versus 1 


indicating a smaller mobility in agreement with the 
assumption that samples a and 6 contain a larger 
concentration of compensated ionized impurities than 
sample c does. 

The field dependence of the magneto- 
resistive ratio is shown in Fig. 7 for one sample measured 
at 300°K, 78°K, 20°K, and 4.2°K. At 300°K and 78°K 
the curves start with a slope of about two at low fields 
and then bend ever as the field strength is increased. 
At the lower temperatures the quadratic field depend- 
ence either does not exist or is limited to smaller fields 
than those with which measurements could be made. 
For these temperatures a linear plot of the magneto- 
resistive ratio versus field strength seems to be appro- 
priate. Such a plot is shown in Fig. 8 for samples a, }, 
and ¢ at 4.2°K. At fields larger than about 1000 gauss, 
the magnetoresistive ratio increases linearly with in- 
creasing field strength. The slopes of these curves are 
the same for all the samples despite their different 
values at a particular field. 

A linear variation of Ap/py with fields between 3500 
and 800 gauss, with no indication of saturation, has 
been observed before’ for p-type material at tempera- 
tures above 80°K. 


magnetic 


* Harman, Willardson, and Beer, Phys. Rev. 93, 912 (1954 
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DISCUSSION 


The experimental results show clearly that at low 
temperatures the electrical properties of indium anti- 
monide deviate strongly from those of a normal semi- 
conductor. The kind of anomalies observed in the 
temperature dependence of the Hall coefficient and 
resistivity are identical with those found in germanium: 
the maximum of the Hall curve, the small slope of the 
resistivity curve in the lowest temperature range and 
the strong dependence of these effects on the concen- 
tration of impurities. This last factor has always been 
the strongest argument in favor of Hung’s model of 
impurity band conduction, because on the basis of this 
model one expects a rapid decrease of the mobility in 
the impurity band with increasing separation between 
the impurity atoms. 

The simplest model which assumes additional con- 
duction in an impurity band is that of Hung.’ The 
impurity band of his model is formed by the interaction 
between the ground states of the impurities. 

Assuming that at low temperatures practically all 
charge carriers, which at exhaustion are in the conduc- 
tion band, contribute to the conduction in the im- 
purity band, Hung defines an impurity band mobility 
by” 


ui(T)=R,x ‘p| ‘gf 


(2) 


for all temperatures low enough so that conduction in 
the ordinary conduction band can be neglected. For 
impurity concentrations less than about 10'* atoms/cc, 
the impurity band mobility is found to be many orders 
of magnitude smaller than the ordinary conduction 
band mobility. From this, one would expect that the 
magnetoresistive ratio is vanishingly small at low 
temperatures where conduction in the impurity band 
predominates. This has actually been found experi- 
mentally on germanium samples. 
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Fic. 8. The transverse magnetoresistive ratio at 4.2°K plotted 
linearly against magnetic field strength. Ap/py is a linear function 
of the magnetic field between 2000 gauss and 4600 gauss which 
is the largest field with which measurements have been performed. 


@ R., is the value of the Hall coefficient in the exhaustion range 














ELECTRICAL PROPERTIES OF p-TYPE 


The magnetoresistive ratio of p-type indium anti- 
monide samples, however, exhibits a completely differ- 
ent behavior. As the temperature is lowered, the 
magnetoresistive ratio reverses its sign from positive to 
negative values shortly after the Hall maximum is 
reached and remains negative in the whole temperature 
range in which the anomalous conduction predominates. 

The strong relation between the anomalies observed 
in the resistivity, Hall coefficient, and magnetoresistive 
ratio becomes evident in Fig. 9, in which the results 
measured on one sample are plotted on the same 
temperature scale. 

A negative magnetoresistive ratio cannot be explained 
by the usual theory which calculates the effect of a 
magnetic field on the motion of the charge carriers. 
That one has to deal with a different process in the 
case of negative magnetoresistive ratios is also indicated 
by the linear magnetic field dependence in contrast to 
the quadratic field dependence of the ordinary magneto- 
resistive ratio. 

It is difficult to estimate how far the splitting of the 
electronic energy levels in the impurity band due to a 
magnetic field affects the conduction in the impurity 
band or how the model of impurity band conduction 
can account for a negative magnetoresistive ratio, 
because no detailed theory has been worked out yet. 

The definition (2) of the impurity band mobility 
implies many crude assumptions, as was pointed out 
in the discussion of behavior of germanium.’ However, 
it still might be a useful parameter for describing the 
conduction process at low temperatures. For this 
reason, the values of u; as calculated from the resistivity 
of the indium antimonide samples at 2.5°K are listed 
in Table I. 

Comparing the yu; value of sample a with that of 
sample c, which has the same concentration of acceptor 
levels, one finds that the impurity band mobility is not 
only determined by the concentration of impurities 
which form the impurity band, but it depends also on 
the concentration of carriers occupying the band. This 
one has to expect, since the mobility of Eq. (2) is 
actually an average mobility involving many carriers 
which occupy states with different effective masses. 

The higher values of u; of these indium antimonide 
samples as compared to those of p-type germanium of 
similar acceptor concentrations might also be explained 
as being partly due to this fact. The samples of indium 
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Fic. 9. Hall coefficient, resistivity, and magnetoresistive ratio 
of sample ¢ plotted logarithmically against 1/7. All three quan 
tities deviate from their normal! behavior in the same temperature 
range, indicating that one and the same process gives rise to 
these anomalies. 


antimonide contain a large concentration of compen- 
sated impurities and therefore a smaller carrier concen- 
tration in the impurity band at low temperatures than 
the germanium samples of equal acceptor concentration 
do. 

The measurements on indium antimonide show that 
the low-temperature anomalies are not restricted to 
germanium but seem to be a more general property of 
semiconductors. The negative value of the magneto- 
resistive ratio in the lowest temperature range, however, 
constitutes an additional problem. 
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Low-temperature anomalies in the Hall coefficient and electrical 
resistivity—a steep maximum and a change of the slope of the 
log resistivity versus 1/T curve in germanium semiconductors— 
which were first observed by Hung and Gliessman, have been 
reinvestigated at temperatures between 1.5°K and 300°K using 
single crystals of n- and p-type germanium of various impurity 
concentrations. The influence of contacts and of various surface 
treatments has been studied. It was found that the effects observed 
cannot be explained by surface conductior. To exclude electrical 
field effects at low temperatures, fields well below the breakdown 
field have been used. The Hall coefficient was measured with 
magnetic fields ranging from 100 to 3500 gauss. Measurements 
on crystals cut in different crystal orientations show that the 


INTRODUCTION 
INCE the discovery of low-temperature anomalies 
in the Hall effect and electrical resistivity of 
germanium semiconductors by Hung in 1950,' the 
question of the accuracy of the experimental results 
and of alternate explanations to the one given by 
Hung’ has been discussed. 

The observations of Hung'** can be summarized: 
with decreasing temperature the resistivity and Hall 
coefficient first increase exponentially, as expected from 
the usual theory of semiconductors, but at a certain 
temperature the Hall coefficient reaches a maximum 
value and then decreases sharply by orders of magni- 
tude. In the temperature range of the Hall maximum 
the resistivity seems to reach a saturation value. With 
increasing concentration of impurity atoms in the 
germanium, the onset of the anomalies shifts to higher 
temperatures and the Hall maximum as well as the 
low-temperature resistivity decrease rapidly. 

For the explanation of these results Hung’ postulated 
that conduction in an impurity band is the dominating 
process at the low temperatures. 

By assuming that at low temperatures the number of 
carriers in the impurity band is equal to the number of 
carriers in the conduction band observed at higher 
temperatures, in the exhaustion range, and that the 
mobility in the impurity band is extremely small com- 
pared to the ordinary mobility in the conduction band, 
Hung obtained reasonable agreement with the experi- 
ments. 

Although the conduction properties of an impurity 
band have been discussed by several authors,’ a detailed 


theory has not been worked out so far. 
* Work supported by U. S. Signal Corps Contract. Based 
partly on Ph.D. thesis at Purdue University. 
'C. S. Hung and J. R. Gliessman, Phys. Rev. 79, 726 (1950 
*C. S. Hung, Phys. Rev. 79, 727 (1950) 
*C. S. Hung and J. R. Gliessman, Phys. Rev. 96, 1226 (1954). 
*H. Fritzsche and K. Lark-Horovitz, Physica 20, 834 (1954) 
*B. Gudden and W. Schottky, Z. tech. Phys. 16, 323 (1935); 
W. Schottky, Z. Elektrochem. 45, 33 (1939); G. Busch and H. 


anomalies cannot be due to directional effects. In the same 
temperature region where the Hall effect and resistivity become 
anomalous, the magnetoresistive ratio also shows a drastic change. 
Throughout the whcle temperature range the sample type, n or ?, 
is retained. The results indicate that in order to describe the 
observations it seems necessary to assume conduction in at least 
two bands, the regular conduction band (valence band in the 
case of p-type material) and one band with a very small mobility. 
Hung’s model of impurity band conduction has to be refined 
considerably or altered to account for the complicated behavior 
of germanium samples with impurity contents between 2X 10"* 
and 7 X 10" acceptors/cc or between 3X 10'* and 1 X 10"" donors/cc. 


The probability of a charge exchange from occupied 
to unoccupied impurity atoms decreases very rapidly 
with increasing distance between the impurity atoms. 
It, therefore, is very difficult to explain the formation 
of a band with impurity concentrations of the order of 
10°/cc, which corresponds to an average impurity 
separation of about 500 atomic distances. 

Before developing such a theory, one should first 
investigate whether the irregular behavior of the Hall 
coefhcient and the resistivity of germanium at these 
low temperatures might be caused by some other effects 
which have been overlooked in previous measurements. 

For this reason, Lark-Horovitz suggested a re- 
investigation of germanium using the most recent 
methods of purification and extending the range of 
observation to about 1.5°K by use of more sensitive 
detecting devices. 

This paper reports experiments which were performed 
to study the effects of surface treatment, of different 
kinds of contacts and of the electric and magnetic field 
strength on the low temperature anomalies. The ger- 
manium samples were cut in different crystallographic 
orientations to investigate whether the anisotropy of 
the constant energy surfaces might give rise to the 
observed anomalies. 

Measurements of resistivity, Hall coefficient, and 
magnetoresistive ratio on a large number of germanium 
samples containing various amounts of impurities are 
reported. The extent of agreement with the proposed 
models of impurity band conduction is discussed. 


EXPERIMENTAL PROCEDURE 
Preparation of Samples 


The germanium crystals were grown by Miss L. Roth 
of this laboratory. The germanium was first purified 
Labhart, Helv. Phys. Acta 19, 463 (1946); H. M. James and A. 
S. Ginzbarg, J. Phys. Chem. 57, 840 (1953); C. Erginsoy, Phys. 
Rev. 80, 1104 (1950), also Phys. Rev. 88, 893 (1952); X. Balten- 
sperger, Phil. Mag. 44, 1355 (1953); P. Aigrain, Physica 20, 978 
(1954). 
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ELECTRICAL PROPERTIES OF Ge SEMICONDUCTORS 


either by repeated pulling of single crystals or by the 
method of zone refining until it contained less than 10" 
impurity atoms per cc. This starting material was 
n-type and had a resistivity of about 40 ohm-cm at 
room temperature. P-type germanium with the desired 
concentration of impurity atoms was obtained by 
doping this starting material with an appropriate 
amount of indium or gallium and drawing a new single 
crystal. For n-type germanium the doping material was 
antimony which was zone-refined until spectroscopically 
pure. 

The crystal orientation was determined in the Purdue 
x-ray laboratory by I. G. Geib and J. Radavich. Some 
indium-doped samples used originate from older melts 
and were found to consist of several crystals. 

The samples cut from the crystals normal to the 
gradient of the impurity concentration were of about 
1.5 cm in length, 0.3 cm in width, and 0.08 cm in 
thickness. The sample surfaces were either ground 
with No. 600 carborundum or etched with CP4 etching 
solution. For some experiments the surface was electro- 
polished by using the germanium as cathode and 
platinum wire as anode. The electrolyte was diluted 
chemically pure HCl. 

Teflon-insulated 0.003-in copper wires were attached 
to the sides of the sample with Cerroseal-35 solder to 
serve as current and potential leads in the usual 
arrangement as described before.’ 

All samples were found to be electrically homogeneous 
at room temperature by measuring the potential distri- 


Taste I. R and p at 298°K and at 78°K and the 
crystal orientation of the samples. 











Crystal 
orientation of 


Sample 298°K 78°K Current Mag. 
code R r) R o flow fiel 
number em' coul™! ohmecm cm coul~! ohm cm I H 
In-1 15 300 4.40 11600 048 a a 
In-2 4900 1.69 4590 0.306 (110) (100) 
In-3 281 0.171 320 0.070 polycrystalline 
In4 165 0.0932 225 0.0488 polycrystalline 
In-5 79.2 0.0785 130 0.054 polycrystalline 
Ga-l 3180 1.055 2570 0.140 (100) (110) 
Ga-2 2360 0.809 1900 0.115 (100) (110) 
Ga-3 1850 0.620 1640 0.098 (100) (110) 
Ga-4 1350 0.494 1220 0.0883 (100) (110) 
Ga-5 940) 0.375 850 0.0754 (100) (110) 
Ga-6 450 0.190 420 0.0568 (100) (110) 
Ga-7 230 0.090 300 0.044 (100) (110) 
Ga+1 380 = 0.174 420 0.0545 (211) b 
Ga-4-2 240 = 0.1186 282 0.0494 (211) b 
Ga-4-3 176 0.0965 224 0.0439 (211) b 
Ga-4-4 120 0.0755 160 0.0423 (211) b 
Ga-6-1 215 0.1106 270 0.0459 (101) (100) 
Ga-7-1 170 = 0.0938 223 0.0445 (100) (110) 
Sb-15-1 —985 0.281 —1130 0.0746 (100) (010) 
Sb-15-2 -—1000 0.290 —1150 0.0755 (110) (010) 
Sb-15-3 —770 0.245 —935 0.066 (110) (010) 
Sb-15-4 —8600 0.252 —955 0.070 (110) (101) 
Sb-19-1 —205 0.0695 —295 0.0356 (110) (100) 
Sb-19-2 —128 0.0508 —191 0.0350 (110) (100) 
Sb-19-3 —66 0.0284 —110 0.0251 (110) (100) 








® No prominent orientation. 
» 26° off (111). 
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Fic. 1. Current as a function of applied voltage at T=4.2°K. 
A voltage of 1 volt corresponds to a field of about 2 volts/cm. 


bution along the surface with the aid of a movable 
point contact probe. 


Apparatus 


The cryostat and the electrical measuring circuit 
used have been described before.’ Few alterations 
assured a more stable temperature control and a higher 
insulation resistance for the electrical leads. 

For sample resistances larger than 10° ohms a 
vibrating reed electrometer made by the Applied 
Physics Corporation is used as zero indicating instru- 
ment, in order to increase the input impedance of the 
voltage reading circuit. The voltages to be measured 
are applied directly to the vibrating condenser and the 
compensating voltage from a type K-2 potentiometer 
is used as bias for the amplifying circuit. The current 
flowing into the electrometer from the sample circuit 
is smaller than 10~'* ampere. 


EXPERIMENTAL RESULTS 


The samples which were investigated are listed in 
Table I. The sample code number indicates the doping 
element, Ga, In, or Sb. 

The Hall coefficient and resistivity at 298°K and 
78°K of the samples investigated are listed in columns 
2, 3 and in columns 4, 5, respectively. The last two 
columns give the crystallographic orientations of the 
current flow J and the directions of the magnetic 
field H. 


Ohmic Behavior and Surface Effects 


If the applied electric field is high enough, the charge 
carriers may gain enough energy between two collisions 
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Fic. 2. Hall voltage/current as a function of magnetic field 
strength at temperatures above that of the maximum in the 
Hal! curve. 


to ionize neutral impurities and thus produce an 
avalanche excitation of carriers. This increase in carrier 
concentration would cause the Hall coefficient to drop 
sharply, as is observed and thus might explain® the 
anomalous phenomena. In this case, one would expect 
the resistivity to depend strongly on electric field 
strength. 

Figure 1 shows the current-voltage relation of several! 
samples (n-type and p-type) at 4.2°K. The resistivity 
is ohmic in the voltage range used. Special care was 
taken in the temperature range, which 
extended down to about 1.5°K and for some samples 
down to 1.2°K. 

No field dependence of the resistivity was observed 
at any temperature between fields of 10~* volt/cm and 
0.5 volt/cm which have been used. One, therefore, has 
to discard this explanation. 

It has been reported before‘ that no errors seem to 
be introduced by soldering voltage probes directly to 
the germanium sample. This technique of attaching 
probes was used throughout all measurements. 

To study the effect of surface treatment, ground, 
etched, and electropolished samples with various ratios 
of volume to surface area and different recombination 
rates have been compared. The results‘ show that 
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measurements on etched germanium samples yield the 
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Fic. 3. Hall voltage/current as a function of magnetic field 
strength at temperatures below that of the maximum in the 
Hall curve. 


* Dresselhaus, Kip, and Kittel, Phys. Rev. 92, 827 (1953) 
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resistivity and the Hall coefficient of the bulk material. 
All measurements reported below were performed on 
etched samples. 


Hall Coefficient as a Function of Magnetic Field 


Figures 2 and 3 show the ratio of the Hall voltage to 
the sample current as a function of the magnetic field 
ior sample Ga-1 at various temperatures above and 
below the Hall maximum, respectively. 

Already at fields as small as 250 gauss deviations 
from the linear relationship become noticeable. The 
large field dependence of the Hall coefficient of p-type 
material at higher temperatures has been explained 
successfully by taking into account the double-band 
structure of the valence band which gives rise to the 
existence of a small percentage of high-mobility holes.’ 
These fast holes having a very smal! effective mass are 
strongly influenced already by weak magnetic fields. 
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Fic. 4. The maximum of the Hall coefficient at 
various magnetic fields. 


Since the same arguments hold also for low tempera- 
tures, the strong field dependence of the Hall coefficient 
can be understood. 

The low-temperature Hall maximum does not disap- 
pear in the limit of zero-field slopes in Fig 2 at decreas- 
ing temperature (6.41°K to 5.26°K); the slope and 
therefore the Hall coefficient increases as the tempera- 
ture is lowered. However, in going from 5.08°K to 
4.62°K (Fig. 3) the slope decreases, indicating a 
maximum at about 5.15°K. ‘ 

Throughout the temperature range investigated, the 
condition that the transverse Hall electric field be small 
compared to the applied electric field was fulfilled. 
Although the Hall coefficient depends on the magnetic 
field used, the shape of the Hall curve is not signifi- 
cantly altered by the magnetic field strength. This 
behavior is illustrated in detail in Fig. 4. The Hall 
coefficient has an even greater anomaly at larger mag- 


? Willardson, Harman, and Beer, Phys. Rev. 96, 1512 (1954). 
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netic fields, since at low temperatures the Hall coeffi- 
cient decreases with increasing field strength. 

The measurements of the Hall coefficient were per- 
formed with a magnetic field of between 115 gauss and 
230 gauss. Higher fields up to 4600 gauss were used 
only at very low temperatures where the Hall angle, 
which is proportional to R/p, becomes very small. 


Directional Effects 


The work on the directional properties of the mag- 
netoresistive ratio’ and on the cyclotron resonance’ in 
germanium shows a structure of the conduction band 

*G. L. Pearson and H. Suhl, Phys. Rev. 83, 768 (1951). 

* Lax, Zeiger, Dexter, and Rosenblum, Phys. Rev. 93, 1418 
(1954). 


in which the surfaces of constant energy consist of 
ellipsoids of revolution lying along the (111) axis. The 
warped energy surfaces of the valence band on the 
other hand are anisotropic to a much smaller degree. 

In order to investigate the anisotropy effect of the 
Hall coefficient and the resistivity and to see whether 
the low temperature anomalies depend significantly on 
the choice of crystal orientation, four n-type samples of 
almost equal impurity content have been measured. 
These are Sb-15-1, Sb-15-2, Sb-15-3, and Sb-15-4 listed 
in Table I. 

The resistivity of these samples is measured between 
1.5°K and 300°K, the Hall coefficient and magneto- 
resistive ratio between 4.2°K and 300°K. The results 
are plotted in Fig. 5. The measurements on sample 
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Fic. 6. Resistivity of p-type germanium (gallium-doped 


as a function of 1/7 


Sb-15-1 and sample Sb-15-2 agree in the whole temper- 
ature range within the limits of accuracy. The Hall 
coefficient of Sb-15-4 is found to be smaller than that 
of Sb-15-3 by a factor of about two at temperatures 
below 20°K, whereas the magnetoresistive ratio of 
Sb-15-4 is larger by a factor between 1.5 and 2 at 
temperatures between 20°K and 7°K. The resistivities 
of Sb-15-3 and Sb-15-4 again agree in the whole temper- 
ature range. The accuracy of the magnetoresistive 
ratios, however, is rather poor, since they have been 
measured at a constant field of 3500 gauss, a field at 
which there already occur strong deviations from the 
quadratic relation between magnetoresistive ratio and 
field. Smaller fields will have to be used to check this 
point. 

Although the samples originate from the same region 
of the ingot and those samples which are being com- 
pared differ in resistivity at room temperature only by 
about 5 percent, one cannot be certain that they contain 
the same amounts of n-type and p-type impurities 
rhe quantitative comparison of the results is, therefore, 
uncertain to that degree. 

However, since the small difference which has been 
found in the Hall coefficient of two of the oriented 
samples (Fig. 5) is the same before and after the onset 
of the anomaly and since the Hall curves of all four 
samples go through a maximum at 5.2°K, one can 
conclude that the low-temperature anomalies cannot 
be due to anisotropy effects. 
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Transverse Magnetoresistive Effect 


The magnetoresistive ratio has been measured on 
p-type and n-type samples. The results obtained on 
n-type samples are shown in Fig. 5. In the temperature 
range above the Hall maximum the magnetoresistive 
ratio changes only slowly with temperature, but it 
starts to decrease sharply near the temperature where 
the Hall coefficient approaches the maximum and where 
the resistivity curve changes slope. 

Since a magnetic field of 3500 gauss is used, which is, 
for these samples, larger than the critical field below 
which the expected quadratic field dependence is ob- 
served, a quantitative comparison with the low field 
approximation cannot be made. However, one can 
conclude from the sudden change of the magneto- 
resistive ratio in the same temperature region where 
Hall coefficient and resistivity become anomalous, 
that also the magnetoresistive ratio shows a behavior 
which cannot be accounted for by the usual semi- 
conductor theory. 


R and o of P-Type Germanium as a Function of 
of Impurity Concentration 


Figures 6 and 7 show how the resistivity and the Hall 
coefficient of germanium containing various amounts 
of gallium impurities depend on temperature between 
1.5°K and 300°K. These samples originate from the 
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extends from 3X10'*/cc to 10'*/cc. The low-tempera- 
ture behavior observed by Hung is essentially con- 
firmed. The main features will be summarized here. 
(a) The Hall coefficient reaches a maximum value 
with decreasing temperature and decreases thereafter 
by orders of magnitude. (b) The log resistivity versus 
1/T curves have a large slope at temperatures above 
the maximum and a much smaller slope at temperatures 
below the maximum in the Hall curve. The resistivity 
can be described approximately by the equation” 
kT 4 Cw 


1/p Cic°* ef kT 


(1) 

” Where the C; may be temperature dependent. C;, C2, Cs will 
be used later, but in this concentration range only C,; and C;, are 
measurable. 


8. Resistivity measurements of p-type germanium with large concentrations of gallium 


with e,~1X10-? ev and e,~2X10™ ev. (c) The Hall 
maximum shifts to higher temperatures and decreases 
in magnitude with increasing impurity content. 

The Hall coefficient could not be measured at still 
lower temperatures because the Hal! angle becomes too 
small. The lowest temperature region was investigated 
to find out whether the Hall voltage again becomes 
large enough to be measured but with no success. 

It is difficult to interpret the temperature dependence 
of the resistivity in the lowest temperature region 
without knowing the concentration and sign of the 
charge carriers. For this reason samples with impurity 
contents larger than 2 10'* atoms/cc were measured. 
The Hall coefficient of these samples could be followed 
down to much lower temperatures, 
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y and Hall coefficient of these samples with 
2X 10" 


are shown in Figs. 8 and 


Resistivit 


gallium contents larger than atoms/cc and 


smaller than 7 10'* atoms/c« 


9 as a function of [hese 


the reciprocal temperature 
curves exhibit a much more complicated behavior than 
those previously discussed. The log resistivity versus 


1/7 


two as the resisti 


curves consist of three straight lines, instead of 


ity curves of samples with smaller 
impurity content do. The temperature dependence of 


the resistivity can thus be described approximately by 
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of p-type germanium with large concentrations of gallium. 


the equation 


1/p=Cie"* ‘T4 Coe kT 4 Cae eal kT (2) 

The values for Ce, C3, €2, and ¢e; determined from the 
experimental curves are listed in Table II. It is particu- 
larly remarkable that C, 
concentration of p-type and n-type impurities at all. 
C;, which is proportional to Hung’s “mobility” in the 
band, rapidly wit 
impurity content. 


does not depend on the 


impurity decreases h decreasing 


¢;—of the dimension of an energy—which is deter- 
mined from the slope of the resistivity curve in the 
lowest temperature region, depends only slightly on 


rather 
strongly with decreasing impurity concentration. The 
latter increases from 9.2 10~ ev for sample Ga-4-4 to 
+x 10-* ev for sample Ga-4-1, and it would become 
larger than e€,, which is about 8X 10~ ev, in the case of 
than 
10'*/ce if it continues to increase at the same rate. An 


the impurity content, whereas ¢€ increases 


samples with impurity concentrations smaller 
€: equal to or larger than ¢, would make the second 
term in the Eq. (2) negligible compared to the first 
term and, therefore, unnoticeable in the resistivity 
curve. This might be the reason why an intermediate 
slope in the resistivity curve, and with it the compli- 
Hall were never 


observed on samples with impurity concentrations 


cated behavior of the coefficient, 
smaller than about 10'*/cc. 

In contrast to the behavior of samples with smaller 
impurity content (Fig. 7), the Hall curve of these 
samples do not have one sharp maximum, but a very 
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irregular shape which is different for different impurity 
contents. 

The only exception is sample Ga-4-4, the Hall 
coefficient of which reaches a maximum value at 27°K 
and decreases then with decreasing temperature to a 
minimum value which is lower than that at room 
temperature. After this, the Hall coefficient rises expo- 
nentially with 1/7 with an e=3.4;X10~ ev, which is 
smaller than ¢;=9.3X10~ ev of the corresponding 
resistivity curve in the same temperature region. 

No Hall curve approaches its exhaustion range value 
at low temperatures, as was predicted and also observed 
by Hung on three neutron-bombarded samples. The 
Hall coefficient of sample Ga-6-1 in particular is 10° 
times larger at 1.5°K than at room temperature and 
continues to increase at still lower temperatures. 

A reversal of the sign of the Hall coefficient was 
looked for, particularly in measurements of these impure 
samples, which could be carried out at very low temper- 
atures. In all cases thus far, the sign of the Hall coeffi- 
cient is the same throughout the whole temperature 
range in which observations were made. 

It is very unlikely that the complicated behavior of 
the samples with gallium concentrations higher than 
2X 10'*/cc and lower than 7X 10'*/cc is only accidental 
and caused by spurious impurities which are not present 
in the other samples. If this were the case one could 
not understand the remarkable agreement of the results 
obtained on Ga-4-3 and Ga-7-1, 
different crystals. 

The fact that the samples Ga-6 and Ga-7 (Figs. 8 
and 9) show a quite different temperature dependence 
of the Hall coefficient and resistivity than the samples 
Ga-1, Ga-2 to Ga-5 


which were cut from 


(Figs. 6 and 7), although they are 
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Fic. 10. Resistivity as a function of 1/T between 1.5°K and 10°K. 
Note the similar resistivity curves of Ga-3 and Sb-15-1. 
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Fic. 11. Resistivity of indium-doped germanium (p-type 


as a function of 1/7 


cut from the same <« rystal, also indicates that the more 
complicated behavior is a general property of samples 
with higher gallium concentrations. Measurements on 
n-type samples with large antimony concentrations 
will be reported below. They also show a complicated 
behavior of Hall coefficient and resistivity as the p-type 
samples do which contain corresponding concentrations 
of gallium 

The temperature dependence of the resistivity of 
the germanium samples, which have been doped with 
gallium, is shown in Fig. 10 for temperatures between 
1.5°K and 10°K. With the exception of the highest 
resistivity curves, the slopes of which continue to 
increase with decreasing temperature, the curves have 
a constant slope at the lowest temperatures which 
increases slowly as the impurity content of the samples 
is decreased. 

The results of measurements on germanium con- 
taining various amounts of indium impurities are shown 
in Figs. 11, 12, and 13. The Hall and resistivity curves 
of these samples also exhibit the anomalies at low 
temperatures. One again finds that the Hall maximum 
shifts to higher temperatures and decreases in magni- 
tude if the impurity content is increased (Fig. 12). 
The behavior of indium-doped samples, however, differs 
from that of gallium-doped samples in some respects. 

(a) The slopes of the log resistivity versus 1/T curves 
as determined in the lowest temperature range vary 
between 4X10 ev and 7X10~ ev in the case of 
indium-doped samples and between 1X10™* ev and 
1.8X10-* ev in the case of gallium-doped samples. 
(b) The Hall curves of the samples In-4 and In-5 are 
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indication of a sk pe 


Upon comparing the gallium-doped samples wit! 
the indium-doped samples one has to keep in mind, 
however, that several of the samples doped with 


indium 


are polycrystalline 


Electrical Properties of N-Type Germanium 


Four n-type samples containing about 7.510 
intimony atoms/cc have been discussed above and 
the results are plotted in | igs 5 and 10. ° “hese samy les 
show the same behavior at low temperatures as the 
p-type samples wi contain corresponding amounts 


The 


ve at temperatures above the Ha 


of gailuum or indium tmpurities resistivity curves 


maximum, and in the iowest temperature range a mu 
smaller s| pe, which 18 the Same as the SiOpes of the 
resistivity curves of the p-type samples whi h are dope: 
with gallium. This can be seen from Fig. 10, where 
sample Sb-15-1 is included for comparison 

Three samples with antimony entrations betweer 
3 and 12 10"* atoms/cc have been investigated to fin 


out whether also high 


ly doped n-type samples exhibit 
the more complicated behavior which is shown in Figs 
8 and 9 for highly doped p-type samples. The results 
are shown in Figs. 14 and 15. It is uncertain whether 
the conductivity of these saniples can be described by 
a sum of three exponential terms as in Eq. (2 

The Hall curves of the samples Sb-19-1 and Sb-19-2 
show a behavior similar to that of highly doped p-type 
samples. They do not approach their exhaustion range 
value at very low temperatures but after reaching a 


maximum they decrease only slightly with decreasing 
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temperature and then continue to increase down to the 
lowest temperatures at which measurements could be 
performed. The slopes of the Hall curves of these two 
samples are considerably smaller than the slopes of 
their corresponding resistivity curves in the lowest 
temperature range. ‘The Hall coefficient and the resis- 
tivity of sample Sb-19-3 are almost independent of 
temperature below 10°K. This behavior has to be 
compared with that of other samples of this impurity 
range before one can discuss it. 


Concentration of Impurities 


The problem of calculating the concentration of 
majority impurities and of minority impurities to a 
reasonable degree of accuracy has become very compli- 


cated, 


since the discovery of high-mobility holes in the 
Although the percentage the fast 
holes is small, they affect considerably the magnetic 
field dependence of the Hall coefficient and the ratio 
of Hall mobility to drift mobility. This makes the 
he impurity concentration from the 


valence band. of 


calculation of the 
scattering due to ionized impurities as well as the 
calculation based on the temperature dependence of 
the carrier concentration very difficult. There are other 


the 


uncertainties especially in latter calculation, one of 


which is the presence of excited states of the impurities 
and another the dependence of the impurity activation 
entration of charge carriers." 


complications the concentrations of 


energy on the co 


Because of these 
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Fis. 13. Resistivity measurements on indium-doped 
germanium between 1.5°K and 10°K 


" T am indebted to E. M. Conwell for very valuable discussions 
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donors and acceptors listed in columns 2 and 3 of 
Table II can be taken as order of magnitude values 
only. They were calculated from the mobility data at 
78°K with the aid of the Brooks-Herring formula” for 
scattering by ionized impurities, assuming an effective 
mass of m,*=0.125mp for electrons” and m,*=0.33mp 
for holes* and ignoring the presence of the high- 
mobility holes in p-type material. The polycrystalline 
nature of In-3, In-4, and In-5 constitutes an additional 
factor of uncertainty for the concentration values 
obtained for these samples. 

The indium-doped samples contain on the average a 
much larger concentration of minority impurities 
(donors) than the gallium-doped samples. This is to 
be expected‘ because of the difference in the segregation 
coefficients of indium and gallium in germanium. 


DISCUSSION 


The fact that the Hall maximum, the onset of the 
small slope of the log resistivity versus 1/T curve, and 
the sharp drop of the magnetoresistive ratio occur 
always at one and the same temperature for a given 
sample seems to indicate that one and the same process 
causes all three properties to deviate from their normal 
behavior. 

In the following, the various explanations for the 
observed anomalies will be compared with the experi- 
mental results, and it will be shown why one has to 
discard them. 

(1) Conducting surface layers cannot be the reason 
for the observed phenomena because measurements 
made on etched samples are independent of sample 
thickness; hence, conducting surface layers, although 
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Fic. 14. Resistivity measurements on n-type germanium 
with large concentrations of antimony. 
"H. Brooks, Phys. Rev. 83, 879 (1951). 
4% Lax, Zeiger, and Dexter, Physica 20, 818 (1954); C. Kittel 
Physica 20, 829 (1954). 
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Fic. 15. Hall measurements on n-type germanium with 
large concentrations of antimony. 


found on ground samples, are not detectable on etched 
or electropolished samples." 

(2) Soldered contacts also do not seem to influence 
the measurements, since cross-shaped samples and 
ordinary Hall plates show the same results. Further- 
more, no difference is found after removing and re- 
soldering the leads several times. 

(3) In the very low electric fields applied, it is very 
difficult to picture an avalanche excitation of charge 
carriers, particularly in view of the ohmic behavior of 
the resistivity (Fig. 1). 

(4) The possibility of light excitation of charge 
carriers at low temperatures due to radiation from 
warmer parts of the cryostat or to stray light from 
outside has to be excluded. The sample is surrounded 
by a copper cylinder of the same temperature and thus 
is shielded against radiation from warmer parts. The 
experimental arrangement excludes also the possibility 
that stray light reaches the samples.'® 

(5) The strong magnetic field dependence of the Hall 
coefficient might suggest that the anomalies are purely 
a magnetic field effect which disappears in the limit of 
vanishing fields. This, without doubt, is not the case. 
The resistivity is measured without an applied magnetic 
field, and even the limiting value of the Hall coefficient 
as the magnetic field goes to zero passes through a 
maximum (Figs. 2 and 3). 

(6) The possibility of explaining the anomalies as 
being due to the fact that the surfaces of constant 
energy are nonspherical has to be excluded, because the 
smal] difference which has been found in the Hall 





“Tf one plots the maximum value of the observed Hall coeffi- 
cient against sample thickness, then for etched samples one 
obtains a horizontal line indicating a Hall coefficient independent 
of sample thickness. The same experiment carried out with ground 
samples shows a Hall coefficient which increases with increasing 
thickness approaching the value of the etched samples. 

4 Further evidence for this is that heating effects due to light 
were never observed even at very low temperature where the 
atomic heat of the sample is exceedingly — and absorption of 
radiation would lead to a rise in temperature, which was not 
observed. 








416 H. 


coefficient of two of the oriented samples (Fig. 5) is 
the same before and after the onset of the anomaly and 
does not affect the shape of the Hall curve. 

Since all explanations offered so far do not fit the 
experimental arrangement, one must con lude that the 
Hall coefficient, resistivity, 
of the bulk germanium do not show the behavior at 


and: magnetoresistive ratio 


low temperatures which is predicted by the usual 
semiconductor theory, and that this theory has to be 
altered to account for the observed phenomena. 

Before discussion of the theories that postulate addi 
tional conduction in an impurity band, some regularities 
in the electrical behavior of the gallium-doped samples 
will be summarized here 

The conductivity of these samples can approximately 
be described by a sum of three exponential terms as in 
Eq. (2 


he valence band The se ond term is only found in 


The first term represents conduction by holes 


if 


the case of samples with impurity content larger than 
about 10'* ct 
term when the impurity content is smaller than 10'*/cc, 


- it becomes much smaller than the first 


since ¢ increases rather strongly with decreasing 


concentration of impurities, whereas the factor ¢ 
remains constant (see Table 

lhe third term consists of an exponential with an ¢; 
of the order of 10 


very rapidly with decreasing impurity concentration 


+ ey and a factor C; which decreases 


Since the second and the third terms depend on the 
concentration of impurities in quite different ways, two 
different mechanisms are probably responsible for their 
appearan J 

Ihe strong decrease of the factor C; w ith decreasing 
impurity concentration makes the assumption of addi- 
tional conduction in an impurity band a very plausible 
explanation for the presence of the third term and for 
the maximum in the Hall curve, since the mobility in 


a band would be expected 


with increasing distance between the 


suct to decrease rapidly 


impurity atoms 
At the present time, nothing can be said about the 

mechanism which gives rise to the presence of the 

onductivity and 


Hall 


which is always connected with it. Since 


second term in the expression for the « 


; 


to the complicated behavior of the coethcien 
nism seems to be not effective in purer samples, it will 


be tried to discuss the possibility of a conducting 


impurity band as an explanation for the anomalies 
without considering this additional effect which becomes 
noticeable only in the electrical behavior of samples in 
a certain impurity concentration range 

If one tries to compare the experimental results with 
kind of 
impurity bands, one encounters great difficulties. 


model which assumes conduction in 


any 


According to James and Ginzbarg,® an impurity band 
is formed by the interaction between localized impurity 
states, or the overlapping of their electron wave func- 
tions. The distribution of energy states of a perfect 
crystal differs from that of a crystal in which one n-type 
impurity atom replaces a regular lattice atom by the 
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fact that in the latter case two energy states are missing 
from the conduction band and one doubly degenerate 
energy state appears in the forbidden gap. The de- 
generacy is due to the two alternative spin directions. 
The two corresponding eigenfunctions are localized in 
that they have an appreciable amplitude only in the 
neighborhood of the impurity. If two impurities replace 
regular lattice atoms, two doubly-degenerate energy 
states appear in the forbidden gap and a corresponding 
number of states are missing from the conduction band. 
The energy difference between these two states can be 
computed in terms of an exchange integral involving 
the single-impurity wave functions. The eigenfunctions 
belonging to these energy states again have an appreci- 
able amplitude only in the neighborhood of the two 
impurities. When there are many impurities, the group 
of energy states in the forbidden energy gap is called 
an impurity band. 

In the hypothetical case of a periodic arrangement of 
the impurity atoms, the impurity band is separated 
from the bottom of the conduction band (or from the 
top of the valence band in p-type) by a forbidden gap, 
and it contains twice as many energy states as there 
are impurity atoms. James and Ginzbarg* have shown 
that, if the random distribution of impurities is taken 
into account, then the impurity band appears as an 
energy range of high-level density, separated from the 
conduction band merely by a range of smaller level 
density and that the number of states in the impurity 
band is less than twice the number of impurity atoms. 

Some difficulties, which arise in discussing conduction 
in an impurity band, will be given in the following. For 
this discussion, a periodic arrangement of impurity 
atoms will be assumed. The realistic case of a random 
distribution of impurity atoms will probably be more 
complicated, although Aigrain® has shown that the 
band-type approximation holds for lower impurity 
densities rather in the random than in the ordered case. 

\ basic property of a band, formed by an ideal 
lattice, is that the average value of the ratio free 
electron mass to effective mass, mo/m*, over the whole 





band vanishes. This means that the net current vanishes 
if the band is completely filled. The ratio mo/m* must 


therefore depend on energy inside the band, and it 


must assume positive and negative values. Since at 
most temperatures the impurity band width will be 
small compared to kT, carriers with positive and with 
negative effective masses will exist at the same time 
and will move in opposite directions. 

The excess carrier concentration which produces a 
net current flow in an applied electric field will depend 
strongly on the distribution of charge carriers over the 
quantum states in the impurity band, hence on temper- 
ature, and will, therefore, be quite different from the 
true concentration of carriers occupying the band. 
The average mobility will also depend on temperature 
through the averaging process which involves states 
with very different effective masses. 
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The theory for the Hall coefficient and the resistivity 
of an impurity band has not yet been worked out. The 
formulas will certainly look very different from those 
of the ordinary band because of the drastic changes of 
the effective mass within the impurity band. One 
cannot expect, for instance, that the Hall coefficient is 
proportional to the reciprocal of the concentration of 
charge carriers occupying the impurity band. Some 
factors similar to r= | R| /en of the ordinary conduction 
band might depend on temperature since the averaging 
process includes states of very different properties. 

The simplest model which assumes conduction in an 
impurity band is that of Hung.?* The impurity band 
of his model is formed by the interaction between the 
ground states of the impurities. The approximate 
agreement obtained by Hung is based on the assumption 
that (a) the expressions for the Hall coefficient and the 
resistivity for simultaneous conduction in two bands 
still hold in this case"® 


Lrnpotr ny? 
R= : 3) 
€ (hu +n yy,)* 
p=1/(en.p-t+eni), (4) 
where the subscripts refer to the conduction band and 
the impurity band, respectively, and (b) that the 
factors r, and r; do not deviate appreciably from unity. 

With these assumptions the concentration of charge 
carriers in the impurity band at very low temperatures 
is equal to the carrier concentration in the conduction 
band at exhaustion and the calculated curves of the 
resistivity and the Hall coefficient are both flat in the 
lowest temperature region. 

lhe finite slopes of the resistivity curves and the Hall 
curves in the lowest temperature region and the fact 
that the Hall coefficient does not approach its ex- 
haustion value as the temperature is lowered disagree 
with Hung’s picture. One concludes that either the 
model of a conduction in the ground states of the 
impurities or the Eqs. (3) and (4) must be altered so 
that they account for the special properties of the 
impurity band which were mentioned above. 

Since at the present time, Eqs. (3) and (4) are the 
only ones available for the Hall coefficient and the 
resistivity of two-band conduction, it will be attempted 
to show that they can describe the observations ob- 
tained from the purer samples without making use of 
Hung’s original assumption that the impurity band is 
formed by the ground states. It will only be assumed 
that a certain concentration of charge carriers flows in 
another band with an impurity band mobility 4; much 
smaller than the mobility u, in the valence band so that 


(5) 


Tnpeo>r nw? 


in the temperature range under consideration. 


In general, one might write R= ZL, Rw ?/(Z; ¢;)*. 
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If one denotes by 


R.=1./ene, po=1/enete, Ri=ri/eni, pi=1/enusy, (6) 


the Hall coefficient and the resistivity in the conduction 
band and in the impurity band, respectively, one 
obtains by use of Eqs. (3), (4), and (5): 
R R.=p" pe. (7) 
From Eqs. (4) and (8), one obtains the magneto- 
resistive ratio for two-band conduction as follows: 


o(H)=o0.(H)+o,(H), 
o-(H)=o,(0)(1—B.H?), 
o;(H)=0,(0)(1— Bf’). 


One can neglect B,H? as being small compared with 
unity as found experimentally.§ By using resistivities 
instead of conductivities, one finds 


(pu — po)/pu= Ap/pun= BHH’p/ pe. (8) 
Here p, may be calculated from the m, extrapolated 
from the Hall curve and yw, extrapolated from the 
mobility curve. The Hall coefficient R and the magneto- 
resistive ratio Ap/py calculated from p and p, by using 
(7) and (8) show that this description is self-consistent 
(see Fig. 16). 

These considerations are very hypothetical, and the 
agreement which was demonstrated previously does 
not yet prove the validity of the assumptions in the 
case of such a complicated picture. 

Because of the finite slopes of the resistivity curves 
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and the Hall curves in the lowest temperature range, 
Erginsoy® suggested that the impurity band is formed 
by the excited states instead of the ground states of 
the impurities. The finite slopes would then find their 
explanation in the excitation energy which is necessary 
to bring charge carriers from the ground states into the 
band of the first excited states. 

The calculations of the lower band-edge energies of 
the 2s, 2p, and 3s bands of hydrogen-like impurities, 
which were carried out by Erginsoy® and Baltensperger,® 
that 


are concentrated near the edge of the conduction band." 


show, however, the bands of the excited states 


model of Erginsoy is that 


not be treated as 


Another objec tion to tne 
the excited states of an impurity can 


ordinary acceptor States, since one Ol them can be 


the other excited states and the 


orrespondir y 


occupied only if all 


ground state of the impurity atom are 


empty. This limit the number of available excited 
states so much, expecially at low temperatures when 
mos l 1, that conduction 


t of the ground states are occupi 
: 
} 


through excited states should be extremely small. 


Busch and Labhart® used a slightly different model 
to explain their experimental findings on SiC. They 
assumed a onducting acceptor band in an n-type 
crysta i yrrespo ling donor band between the 


acceptors and the valence band in the case of a p-type 
gap 
between their postulated band and the impurity states, 
as well as the number of states forming the additional 
band, from the experimental curves using Eqs. (3 
and (4) 


In order to explain the temperature dependence of 


crystal! [hese authors determined the energy 


; 


the Hall coefficient and resistivity of the gallium-doped 
samples on the basis of Busch’s model, it is necessary 


to assume a conducting impurity band about 107° ev 
| 


below the ac eptor states. This band should be filled 
with electrons at 0°K and partly empty at elevated 
temperatures, to acco int for the observed positive sign 
of the Ha! ficient. This discussion shows clearly 
that additional experimental work will be necessary to 
prov le a lequate foundation for theoretical dis 
CUSSIO 
SUMMARY 


coefficient R, and the 


Hall 


magnetoresistive ratio Ap/p of single-« rystal 


rhe resistivity p, the 
transverse 
samples of n-type and p-type germanium have been 
reinvestigated in the temperature range from 300 K 
to 1.5°K. It was found that Hung’s observations of an 
anomalous behavior of resistivity and Hall coefficient 
are correct 
The logo versus 1/T curve has either two or three 
25°K, 


g on the range of impurity concentrations. 


different slopes at temperatures below about 


dependi 
’ There is reason to believe that excited states are much closer 


germanium, as 


] pointed out to me 


ground § ate 
[ Phys. Rev. (to be p 


in antimony-doped s-type 
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The Hall coefficient first increases with decreasing 
temperature, as expected from semiconductor theory, 
but, in the temperature range in which the slope of the 
resistivity curve changes, the Hall coefficient goes 
through a maximum. At still lower temperatures, the 
Hall coefficient decreases by orders of magnitude in the 
case of samples with lower impurity concentrations. 
At the lowest temperatures the Hall coefficient of 
samples with high impurity concentrations is either 
completely constant with temperature or shows one or 
even two slopes in the logR vs 1/T plot. These slopes 
are significantly different from the corresponding slopes 
of the resistivity curves in the same temperature range. 

Throughout the whole temperature range the Hall 
coefficient does not change sign. Samples which are 
found to be p-type at higher temperatures remain 
p-type down to the lowest temperature investigated 
and the same holds for n-type samples. 

In the same temperature range where Hall coefficient 
and resistivity become anomalous, the magnetoresistive 
ratio decreases when the temperature is lowered. 

Special precautions were taken to exclude the effect 
of surface conduction, the influence of heat radiation, 
and electric field excitation. 

Investigation of the Hall coefficient as a function of 
magnetic field strength shows clearly that the anomaly 
cannot field effect. That the 
effects observed can also not be due to the influence of 
the direction of the current flow, and the magnetic field 


be due to a magnetic 


with respect to the symmetry axes of the Brillouin 
zones, has been shown by measurements on carefully 
selected and crystallographically oriented specimens in 
which the symmetry axes of the sample had different 
crystal orientations. 

The explanation of these observations due to Hung, 
who assumed that the localized impurity states interact 
and form a conduction band, seems plausible for the 
following reasons. The width of the impurity band 
should drastically decrease with increasing separation 
between the impurity atoms. Therefore one would 
expect the mobility of the charge carriers in the impurity 
band to decrease rapidly with decreasing concentration 
of impurities. This effect is demonstrated by the 
following observations: (a) In the lowest temperature 
range where conduction in the impurity band should 
outweigh conduction in the ordinary conduction band, 
the resistivity increases rapidly, if the impurity concen- 
tration of the sample is decreased; (b) the Hall maxi- 
mum decreases in magnitude and shifts to higher 
temperature when the impurity concentration is in- 
creased, and (c) the magnetoresistive ratio is exceed- 
ingly small in the lowest temperature range where 
conduction in the impurity band should predominate. 

Hung’s hypothesis on the other hand cannot account 
for the complicated behavior of Hall coefficient and 
resistivity of germanium samples with impurity concen- 
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trations larger than 2 10'*/cc and smaller than about 
10'7/cc. 
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The method, developed by Kuhn and Van Vleck, and later 
simplified and extended by Brooks, for calculating the cohesive 
energy of monovalent metals, is here further extended to include 
the effects of the deviation of the effective ion-core potential from 
pure hydrogenic form in the vicinity of the surface of the s-sphere 
A formula is derived for calculating the logarithmic derivative of 
the wave function at the surface of the s-sphere. From the loga 
rithmic derivatives of the s- and -functions the ground-state 
energy and the Fermi energy can be evaluated. The method thus 
extended is applied to the calculation of the cohesive energy of the 
monovalent noble metals. For these metals, the repulsion between 
ion cores is important. Combining the repulsive energy, which is 


1, INTRODUCTION 


AN VLECK and Kuhn! have given simplified 
methods of calculating the cohesive energies of 
monovalent metals. Recently, Brooks? has pointed out 
a number of simplifications of their methods and ob- 
tained reasonable theoretical predictions of the cohesive 
energy and lattice constants of all the alkali metals. The 
Van Vleck-Kuhn method is based on the following facts: 
(1) The effective potential in the vicinity of the surface 
of the s-sphere in the Wigner-Seitz sphere approxima- 
tion’ is essentially hydrogenic, therefore, (2) the wave 
function in the same region can be excellently approxi- 
mated by a linear combination of the confluent hyper- 
geometric functions, vz., 


U(r) =W (rt ki Wem (sr), 


where the functions W'” and W“-” are related to the 
standard Whittaker functions by Eqs. (11a, b) in 
Van Vleck and Kuhn, and (3) &; can be determined by 
the function matching method. Brooks, however, has 
shown that 


(1) 


k,= —tan(dm), (2) 


where 6, is the quantum defect. 
In the present paper, the cohesive energy of the noble 
*Now at the College of Electro-Communications, Tokyo, 
Japan. 
1 J. H. Van Vieck and T. S. Kuhn, Phys. Rev. 79, 382 (1952). 


*H. Brooks, Phys. Rev. 91, 1027 (1953). 
+E. P. Wigner and F. Seitz, Phys. Rev. 43, 804 (1933). 


calculated by Fuchs with a modified Thomas-Fermi method, with 
the energy of valence electrons calculated by the present method, 
we obtain the total cohesive energy of copper. Since there is no 
calculation of the repulsive energy for silver and gold, the ion cores 
are assumed to be rigid and the energies of the valence electrons at 
the observed lattice spacings are determined and considered as the 
approximate total energies. The cohesive energies calculated at the 
observed lattice spacings with the rigid ion-core 
61.7 for Cu, 55.8 for Ag, and 49.2 for Au in 
experimental values of 81.2, 68.0, and 92.0 respectively 
energy unit is kcal/mole 


assumption are 
comparison with the 
Here the 


metals will be computed by the Brooks method, in- 
corporating the correction due to the deviation of the 
effective potential from the pure hydrogenic form. In 
the case of copper, Fuchs‘ has calculated the cohesive 
energy by numerical integration of the radial wave 
equation in a Hartree-Fock potential. His results for 
copper as well as the observed values for all noble metals 
will be compared with our results in the last section. 


2. EXTENSION OF THE BROOKS METHOD 


We shall first explain a further extension of the Brooks 
method of determining k;, and then derive the expres- 
sion for the logarithmic derivative of the wave function 
with the correction due to the deviation of the effective 
potential from the pure hydrogenic form. 

In calculating s- as well as p-functions by (1) and (2), 
Brooks has determined the dependence of 6; on the 
energy ¢ by straight forward extrapolation from the free 
atom term values for both s- and p-levels. For s-levels, 
l=, the straightforward extrapolation of 49 is legiti- 
mate and nearly linear in most cases. For 1/51, however, 
Ham® has pointed out that the straight-forward ex- 
trapolation of 6, is often not adequate. Instead of 5; the 
quantity 9, which is related to 4, by 

tan(dyr) 
tan(n,r) . 
l+e 


(3) 


*K. Fuchs, Proc. Roy. (London) A151, 585 (1935). 


* F. Ham (private communication). 
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should be extrapolated in case of /=1. If the x-ray term 
values or the energy parameters in the self-consistent 
field equation of Hartree-Fock type are known, these 
energy values will give further information on the de- 
pendence of ; on ¢.* For alkali metals, the wave function 
calculated by (1) with (2) yields excellent results for the 
usual solid-state parameters, if we carry out the 59 and 
m; extrapolation for s- and p-functions, respectively. 

For monovalent noble metals, however, the effective 
potential in the vicinity of the surface of the s-sphere is 
not completely hydrogenic, because the actual lattice 
spacings of these metals are relatively small. Therefore, 
the wave function also is not purely hydrogenic, and we 
have to make corrections due to the deviation of the 
effective potential from the pure hydrogenic form in 
this region. These corrections can be obtained in the 
following way 


In calculating the ground-state energy ¢) and the 


Fermi energy ey, we need only the knowledge of the 
logarithmic derivatives of the s- and p-functions, if we 


take only the first two terms of the expansion of the 


energy in powers of k. Hence, we shall derive the 


corrected expression of the logarithmic derivative of the 


wave function 


The uncorrected wave function L’,"'-™ (r) satisfies the 
radial wave equation with the pure hydrogenic po 
tential : 

PU, 1 2 Ul+1 
4 ; l, 0, { 
ir i r r 
where 1/n?=—e. The true wave function U''"(r 


should satisfy the wave equation with the true effective 


potential V(r 


Here and elsewhere, the energy is in Rydberg units, and 
We assume that the potential V(r 


become essentially 


r is in Bohr units 
and the function U''"(r 


hydrogenic for all r>R. From (4) and (5 


Rr PU, PUG 
f | UGn—l dr 
rs. dr dr 


wave 


, we find that 


where r, is the radius of the s-sphere. By integration by 


* The use of », and of the deep-lying levels was suggested by 
H. Brooks 

*The procedure described in the following paragraphs was 
worked out by H. Brooks, to whom I am indebted for the loan of 


his notes on the method. 
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parts, (6) can be reduced to 
dU dU |R 


dr dy it. 
kr? 
-f| +V(r){U,8 "Ud. (7) 
Ts r 
Since at r=R, 


{ F dl A : dr 


we have 


yg dye ry dU," 
l 2 dr l . ar 
. Y U(r) U(r) 
-r.f dr\ -+ V(r) (8) 
rs r U,™(7,) U“™ (¢,) 
Here, U,‘'" (r) can be calculated by (1), and (8) is the 


equation to be solved with respect to L r). If we put 
V (r)= —2Z(r)/r. Where Z(r) is the effective nuclear 
charge, Z(r) is not much different from unity in the 


vicinity of r,. The quantity 


2 zu) 64 
AVir Vir - 7 9) 

r r rT 
which is involved in (8), is the deviation of the true 
potential from the pure hydrogenic form, and is small 
near r,, and vanishes for all r>R. Since, therefore, the 
is small, and 
"oO (7), 
oR) (7) 


integral on the righthand side of (8 
LU‘. (r) may not be appreciably different from U, 
we may assume, as the first approximation, that U 
in the integrand can be replaced by U’,‘''” (r). Thus, we 
obtain the first approximation formula for the loga- 
rithmic derivative of the true wave function: 


dl ,*°™ 


g ays» r 
Us d r=, 


R UU," ™(r) \? 
rf AV (r) ) ar (10) 
, U,™ (r,) 


7 


U,* dr r=r, 


If we want more accurate values of ¢:(r), we may 
employ successive approximations. First the values of 
@; are calculated by (10) at several values of r. For large 
values of r, r>R, U“'™(r) should be equal to the 
uncorrected U,‘''"(r) which can be obtained by (1). 
Then, we integrate ¢,(r) numerically, starting at a large 
value of r toward smaller values of r. The values of 
U“.™(r) thus obtained will give a better approximation 
to the true values of U“'-™(r), and will be used in 
computing the integral on the righthand side of (8). In 
this way, one obtains the second approximation to the 
logarithmic derivative ¢;. This procedure can be re- 
peated until we get the self-consistent solution of (8). 
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3. COHESIVE ENERGY OF THE NOBLE METALS 


The method developed in the preceding section will be 
applied to the calculation of the cohesive energy of the 
monovalent noble metals, viz., copper, silver, and gold. 

The uncorrected wave function U,“'™(r) is calcu- 
lated by (1). The confluent hypergeometric functions 
involved are evaiuated from the tables calculated by 
Ham! who has revised and extended the tables published 
by Kuhn.’ In calculating &; for the uncorrected s-func- 
tion, the extrapolation of 59 from the free-atom term 
values listed by Bacher and Goudsmit” is employed for 
all three metals. 

In the case of p-levels, however, the information from 
the free atom term values is not sufficient for deter- 
mining the dependence of the quantity m defined by (3) 
upon the energy parameter ¢. Moreover, the term values 
of the p-series of copper show marked irregularity which 
is attributed to configuration interactions. Whitelaw" 
has given a theory which permits the estimation of the 
unperturbed positions of the p-series. The unperturbed 
positions of the 4p and 6p term assigned by Whitelaw 
and the energy parameter of the Hartree-Fock equation 
for the 3p electron” are used in deriving the m—e« 
relation for copper. The 5p term is not used because the 
influence of the other perturbing multiplet on this term 
seems to be appreciable and is not properly incorporated 
in the treatment of Whitelaw. For silver and gold, the 
x-ray term values together with the spectroscopic term 
values are used in deriving the relation. Thus m is 
expressed as a function of ¢ for all three metals, and 
from 7; we can calculate &; involved in the calculation of 
p-functions by (1). 

We now apply Eq. (10) to the evaluation of the 
logarithmic derivatives, if AV is known. For copper, the 
values of the effective nuclear charge Z(r) calculated by 
the Hartree-Fock method are available.” For silver and 
gold, Z(r) will be extrapolated from that of copper as 
follows. As we shall see later, the lattice spacing of 
copper is mainly determined by the repulsive force be- 
tween ion-cores when they come into contact. We shall 
call this repulsion the ion-core repulsion hereafter. Now, 
we may assume that the size of the ion core determines 
the lattice spacing of silver and gold as well. Therefore, 
by comparing the observed lattice constants of silver 
and gold with that of copper, we can estimate the form 
of the ion-core potential of silver and gold. The Hartree- 
Fock values of AV (r) for copper can be approximated by 
means of the analytical expression 


for 14<r<3.4, 


r>3.4, 


Ore ‘exp—ay (11) 


for 


* F. Ham (private communication). 

*T. S. Kuhn, Quarterly of Appl. Math. 9, 1 (1951). 

RR. F. Bacher and S. A. Goudsmit, Alomic Energy States 
(McGraw-Hill Book Company, Inc., New York, 1932). 

uN. G. Whitelaw, Phys. Rev. 44, 544 (1933). 

"2D. R. Hartree and W. Hartree, Proc. Roy. Soc. (London) 
A157,,490 (1936). 
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with 

a= 2.438, 8= 27.53. (12) 
Let us assume that the form of AV (r) for silver as well as 
for gold is analogous to (11), and also that the values of 
8 and AV at r corresponding to the observed lattice 
spacings are identical for all three metals. Then, re- 
membering the observed lattice constant is 3.60 A for 
copper, and 4.06A for silver and gold, we find that 
a;= 2.113 for silver and gold. The radius R, outside of 
which AV vanishes, is assumed to be proportional to the 
observed lattice constants, and we have R=3.4 for 
copper and R= 3.8 for silver and gold. Thus the form of 
AV for silver as well as gold is determined. 

The logarithmic derivatives ¢o(r,) of s-functions are 
computed by (10) for several s-sphere radii, and the 
values of ¢9 which satisfy the boundary condition 
¢o(r.)=1 are determined as the ground state energy. 
The logarithmic derivatives ¢,(r,) of p-functions are 
also calculated by (10), where the energy parameter is 
taken to be equal to €9. The Fermi energy er is evaluated 
by the well-known formula” 


er=2.2lar,*, (13) 
where a=[¢1(r,.)—1]. (14) 
yo =~ v2 (Ado(r,)/e) A. (15) 


Finally, Coulomb, exchange, and correlation energies 
are approximated by means of the expression 


éc= 0.2847, —0.576/ (45.1) (16) 


given by Wigner." 

In the case of copper, we carried out the successive 
approximations until we obtained the self-consistent 
solution of (8), but we found that the accuracy of (10) 
was sufficiently good for our purpose. Therefore, the 
logarithmic derivatives involved in the calculation of €9 
and er are evaluated by (10). 

The results of our calculation are summarized in 
Table I. The cohesive energy €oo, in this table may be 
regarded as the cohesive energy resulting from the 
valence electrons. The lattice structure of the mono- 
valent noble metals is face centered cubic. The lattice 
constant is 3.60A for copper and 4.06 A for silver and 
gold. The corresponding sphere radius is 2.66 for copper, 
and 2.99 for silver and gold, all in Bohr units. We readily 
see from Table I that the cohesive energy due to the 
valence electrons does not have a maximum at the 
observed lattice spacing for any of these metals. This 
means that the ion-core repulsion is of importance in 
realizing the maximum of the cohesive energy at the 
observed lattice spacing. 

Fuchs‘ has estimated the ion-core repulsion energy of 
copper by a modified Thomas-Fermi method. He has 


4% J. Bardeen, J. Chem. Phys. 6, 367 (1938); R. A. Silverman, 
Phys. Rev. 85, 227 (1952); W. Kohn, Phys. Rev. 87, 472 (1952). 

“FE. P. Wigner, Phys. Rev. 46, 1002 (1934); Trans. Faraday 
Soc. 34, 678 (1938). 
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Taste I. The calculation of the energy of valence electrons. 
teoh is the difference between the binding energy eo +¢r+ec and 
the first ionization potential. a and y are defined by Eqs. (14) and 
(15) respectively. z, is equal to (8r,)*. The values in brackets are 
those obtained by assuming a pure hydrogenic potential, in which 
case AV =0) 


Meta! i. oe 7 a Fr deve 
40 —1A406Ry 1.189 0.933 O.S5ISRy 0.262 Ry 

(— 1.508 (1.264) (0.918) (0.507 (0.372 

Copper 45 —1.147 1.034 0.983 0.339 0.203 

(—1.158 (1.046) (0.983) (0.339) (0.214) 

50 60.952 0391 0987 0.223 0.140 

(—0.953) (0.893) (0.988) (0.224) (0.140) 

45 1.175 1096 0988 0.333 0.248 

(~1.210) (1.124) (0.949) (0.327 (0.289 

Silver 5.0 0.967 0.929 1010 0.229 0.160 

(—0.971) (0.934) (1.006) (0.228) (0.165) 

5.5 —0.819 0.789 1.003 0.155 0.097 

(—0.819 (0.789) (1.003) (0.155) (0.097) 

4.5 1.293 0.897 0.984 0.339 0.239 

(—1.321 (0.916) 0.861) 0.297) (0.309) 

Gold 50 —~1.062 0.781 1.006 0.228 0.135 

(— 1,066) 0.786) (1.004) (0.227 (0.140) 

55 —0.903 0.639 0.969 0.150 0.065 

(—0.903) (0.639) (0.969) (0.150 0.065 


shown that the ion-core repulsion begins to be appreci- 
able at an interatomic distance of 5.5 a.u., which 
corresponds to r,= 3.03 or z,= 4.93, and it increases very 
rapidly as the interatomic distance decreases. This 
means that the ion-core is almost rigid. Combining 
values of én given in Table I with the ion-core repulsion 
energy given by Fuchs, we find that the equilibrium 
lattice constant is 4.2 A, and the total cohesive energy is 
1.89 ev (43.5 kcal/mole) for copper. The observed 
values for these constants are 3.6 A and 3.52 ev, while 
the values obtained by Fuchs are 4.2 A and 1.45 ev. 
From the comparison of the calculated and observed 
values of lattice constant, one can conclude that the ion- 
core repulsion estimated by Fuchs starts to rise at too 
large an interatomic distance. In the present paper, 
however, we will not try to improve the calculation of 
the ion-core repulsion. Instead, we shallmake use of the 
fact that the ion core is almost rigid. If we assume that 
the ion cores of the noble metals are rigid spheres, the 
interatomic distances are determined by the ion-core 
radii, while the total cohesive energies are equal to the 
cohesive energies due to the valence electrons. We 
calculate the radii of the s-spheres from the observed 
lattice constants for these metals, and determine the 
cohesive energy at those radii by interpolating values of 


KAMBE 





€eoh given in Table I. Since the ion-core repulsion con- 
tributes very little to the total cohesive energy, as is 
shown for copper by Fuchs, the cohesive energy due to 
the valence electrons calculated at the observed lattice 
spacings should be a good approximation to the total 
cohesive energy. The results are given in Table II, where 
values of a at the observed lattice spacings are included 
as well. 


CONCLUSION 


The agreement with the observed values of the 
cohesive energy is fairly good for copper and silver, but 
not so good for gold. We shall point out some of the 
shortcomings in the present calculation : (I) The calcula- 
tion of the uncorrected p-function is relatively inaccu- 
rate, because the information from the spectroscopic 
term value on the dependence of 7; on ¢ is insufficient. In 
the case of copper, the configuration interaction aggra- 
vates the situation. (II) The ion-core potentials for 
silver and gold are extrapolated from that of copper. 
Although the corrections due to AV are small, the errors 
in AV may have introduced small errors in the final 
results. (III) The ion-core repulsions are not treated 
accurately. In fact, we have assumed the rigidity of the 
ion-core, and neglected the contributions from the 
repulsive energy to the cohesive energy. (IV) We have 
neglected terms with powers higher than the second in 
the expansion of the energy into the power series of k. 


Tasie II. The calculated and observed values of cohesive 
energy and the calculated values of a. The theoretical values are 
calculated at the observed lattice spacings 


Cohesive energy in kcal/mole a 
Metal Corrected* Uncorrected’ Observed Corrected* Uncorrected 
Copper 59.3 59.9 81.2 0.988 0.989 
Silver 55.8 58.9 68.0 1.008 0.985 
Gold 48.9 53.3 92.0 1.006 0.987 


wrrections due to the deviation of the effective ion-core 
lrogenic form 


ming a pure hydrogenic 


* Calculated witt 
potential from th 


Calculated by assun 


pure hy« 
potential. 


The fourth-power term may contribute appreciably to 
the Fermi energy. 

Finally the values of @ listed in Table II are the 
reciprocal values of the ratios of the effective electron 
mass to the free electron mass. Hence, the effective 
electron mass calculated near the bottom of the lowest 
Brillouin zone is almost equal to the free electron mass 
for all three noble metals. 

The author wishes to thank Professor H. Brooks for 
his advice and helpful suggestions throughout this 
work. He is also indebted to Dr. F. Ham for the use of 
his results before publication. 
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A technique originally developed by Bridgman has been used to measure the total compressions of the 
alkali metals (Li, Na, K, Rb and Cs) for pressures up to 10 000 atmospheres at 4.2° and 77°K. The unusual 
features found were an abnormally low decrease in compressibility with pressure for cesium, probably 
connected with a smearing out of the electronic transition found at 45 000 atmos at room temperature, 
and a possible transformation in rubidium at 77°K which resulted in a permanent increase in the room 
temperature density of about ten percent. A comparison of these data with theoretical work by Bardeen 
shows better agreement than was obtained with an extrapolation of room temperature data to absolute 
zero, although the agreement is satisfactory only for sodium. Approximate densities also were obtained at 
these temperatures, and the agreement with unpublished calculations by Brooks is excellent for all the 
metals except lithium, where a deviation could be expected to occur. 


INTRODUCTION 


HE work done in compressing a solid can in general 

be broken up into two parts: the first involving 
changes of entropy with volume (heating effects), and 
the second involving only changes in internal energy. 
From a theoretical point of view, calculations involving 
the temperature as an independent variable are ex- 
tremely difficult, so that theoretical calculations of 
compressibilities are usually confined to absolute zero 
where the volume is the only independent variable. 
Because it is as difficult to extrapolate high-temperature 
compressibility data to low temperatures as it is to 
make the initial high-temperature calculations, a proper 
comparison of theory with experiment can be made 
only if the range of experimental data is extended into 
the temperature region where thermal effects will be 
unimportant. 

The substances which are of the greatest theoretical 
interest are the condensed rare gases and the alkali 
metals, since they represent, respectively, the simplest 
dielectric solids and the simplest metals. Because of 
their low Debye 6’s, it is necessary to go to liquid 
helium temperatures (4.2°K) to make sure that thermal 
effects for these substances are negligible, and it is 
unfortunate that conventional methods for measuring 
the change in volume with pressure cannot be used in 
this temperature region. However, exploratory work 
by Stewart'? has shown that many of the solidified 
gases and also the alkali metals are quite plastic at 
4.2°K, so that a technique which was used by Bridgman 
for very high pressure work’ has been adapted for 
compressibility work at these temperatures. Results 
obtained using this method have been published recently 
for some solidified gases,?* and the work described 
below concerns similar measurements on the alkali 


1J. W. Stewart, Doctoral thesis, Harvard University, May, 
1954 (unpublished). 

* J. W. Stewart, Phys. Rev. 97, 578 (1955). 

+P. W. Bridgman, Proc. Am. Acad. Arts Sci. 74, 425 (1942) 

*P. W. Bridgman, Proc. Am. Acad. Arts Sci. 76, 1 (1945). 

5 J. W. Stewart and C. A. Swenson, Phys. Rev. 94, 1096 (1954). 


metals; lithium, sodium, potassium, rubidium, and 
cesium. 
EXPERIMENTAL DETAILS 


The method which was used is essentially that due 
to Bridgman,‘ and is illustrated in Fig. 1. The sample 
was placed in a thick-walled cylinder which was closed 
at either end by a piston. A compressive force was 
applied to the pistons, and the motion of the pistons as 
a function of applied force was used to give, with 
suitable corrections, the hydrostatic compression of 
the sample as a function of pressure. 

The major problem with this method is to make sure 
that the sample is plastic enough so that the pressure 
on the sample is approximately hydrostatic; or, in 
other words, it must not be possible for an appreciable 
pressure difference to exist between the ends and sides 
of the sample. This will be true if the shear yield 
strength of the sample material is much less than the 
applied pressure. Stewart’s measurements have shown 
that this is true at 4.2°K for sodium and potassium,' 
and since cesium and rubidium are much more plastic 
than these at room temperature, it was assumed that 
they would also be sufficiently plastic at low tempera- 
ture. Lithium is perhaps less satisfactory and represents 
a borderline case, so that the results on it must be 
taken with some reservation. 

The major pieces of equipment needed to perform 
these experiments, other than the sample holder, are a 
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hydraulic press with long supports to compress the 
; | 


sample holder at low temperature, a means for meas 


uring both the initial length and the changes in lengt! 
of the sample, and a dewar vessel for containing liquid 
helium or liquid nitrogen. These essential parts of the 
2. The 


force on the sample holder was calculated from the oil 


apparatus which was used are sketched in Fig. 


given by the pressure balance) and the area 


of the hydrauli 


pressure 
piston, while apparent changes in the 
length of the sample were indicated by the motion of 
as measured by the micrometer telescope 
The maximum 
available was four tons, which corresponds roughly to 
10 000 atoms pressure on a 0.250-in. diameter sample.® 

In principle, the taking of compression data at liquid 
liquid 
simple, since it was only necessary to increase the 


the hairline 


(sensitivity about 0.002 mm). force 


nitrogen or helium temperatures was quite 
pressure and record the motion of the hairline. How- 


ever, three basic corrections had to be made which 
formed a large part of the readings actually taken; 
namely, the corrections for friction, background stretch 
(that is, the motion of the hairline with no sample in 
the holder under 


the holder), and the expansion of 


hydrostatic pressure. In order to guard against system- 
atic errors in making these corrections, sample holders 
of two different sizes were used for each of the five 
alkali metals 

The holders were similar to that shown in Fig. 1, 
with the outside diameter of the cylinder being in all 
cases 0.875 in. Two holders were used with inside 
diameters of 0.250 in. ; the first was made from hardened 
tool steel, and the second from hardened beryllium 
copper. A piston on the original steel bolder was broken 
midway through the runs, and when difficulty arose in 


trying to replace it due to repeated breakage, a beryl- 


*A more detailed description of this apparatus, which was 
similar to that described in reference 5, will be found in ( 4 
Swenson, J. Inst. Soc. Am to be | shed a also in the 


U.S. Army Office of Ordnance Research Technical Memorandum, 


TM-55-1 (unpublished 











SWENSON 


lium copper holder of the same dimensions was substi- 
tuted. These holders were useful for sample pressures 
from 1500 to 10000 atmos, and will be referred to 
below as the “small” holders. The other or “large” 
holder, with twice the piston area (0.354-in. diameter), 
was also made from hardened tool steel and was used 
for pressures from 750 to 5000 atmos. The background 
stretch correction was relatively about twice as great 
for the “large” as for the “small” holder, while the 
friction and expansion corrections were less. 

The effects of friction are illustrated by the hysteresis 
loop in Fig. 3, where the experimental data for one 
cesium run are plotted. As the pressure was increased 
slowly and monotonically by placing weights on the 
pressure balance, the friction opposing the motion of 
the piston built up fairly quickly until it reached a 
steady value. When a maximum pressure was reached 
(determined only by the danger of permanently de- 
forming the apparatus), the pressure was slowly re- 
duced, so that the direction of this frictional force was 
reversed. It did not reverse instantaneously, but eventu- 
ally became constant again in the opposite direction 
at slightly lower pressures. This was shown by the fact 
that the pressure increasing and pressure-decreasing 
curves were parallel for intermediate pressures, and in 
this region the true pressure corresponding to a given 
displacement could be calculated as the mean of the 
two curves, as is shown. The dotted curve which gives 
this average pressure was extrapolated to higher pres- 
sures beyond the parallel region on the assumption 
that the friction remained at a constant value. 

At low pressures, the friction decreased, and the true 
pressure was again the mean for a given displacement. 
If there was no permanent deformation of the sample,’ 
the reading at zero pressure was unchanged, although 
because of uncertainties in the friction, this did not 
necessarily correspond to the true sample length at 
zero pressure. To eliminate this effect and to allow a 
determination of the sample length to be made, a 
calibration setting of the hairline (taken with respect 
to a fiducial mark on the hydraulic head and corrected 
for friction) was always recorded at a pressure at 1500 
atmos, to be compared with a similar setting with no 
sample in the holder. This length (good to about 
0.03 mm) and the weight of the sample were then used 
to calculate a density at 1500 atmos which was subse- 
quently extrapolated to zero pressure by using the 
AV/V data. It is worth noting that the absolute values 
of the lengths as obtained in this way were far less 
accurate than changes in lengths, since hairline settings 
could be reproduced to about 0.002 mm when the 
pressure was released and then reapplied during a given 
run. Great care was always taken to ensure that the 


? There was always a zero shift on the initial compression due 
to the compacting of the material in the sample. For this reason, 
the sample was subjected to full pressure several times (“sea- 


soned”) at each temperature until the zero remained constant 


after cycling. 
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temperature gradient down the support members was 
constant during each run and reproducible from run 
to run, since any change in gradient could affect both 
the background stretch correction and the calibration 
setting of the hairline, as well as cause spurious changes 
in readings. 

The major source of the friction has been discussed 
by Bridgman,’ and is undoubtedly due to polycrystalline 
grains of the sample being forced to move with respect 
to each other. This is supported by the fact that the 
friction increased with decreasing temperature. It is 
interesting to note that at 4.2°K the half-height of the 
hysteresis loop represented about ten percent of the 
total change in sample length observed for all the 
metals except lithium, where it was slightly more. This 
was surprising, since the lengths, the total compres- 
sions, and the sample areas all varied indiscriminately 
over a factor of at least two. Thus, if the two sides of 
the loop were parallel to ten percent (as was usual), 
the effect on AV/Vo was of the order of one percent. 

The background stretch due to the hydraulic press 
and the sample-holder pistons was determined by per- 
forming an identical experiment at each temperature 
for each holder in the absence of a sample. The resulting 
curves were quite linear, and gave a total compression 
in 10000 atmos, which was reproducible to about 
one-half percent. The magnitude of this correction is 
shown also in Fig. 3, where it can be seen to represent 
about thirty percent of the data which was taken. This 
was the most favorable case, and the correction varied 
with sample material and length until in the least 
faborable cases (short samples of lithium and sodium) 
it represented about sixty percent of the data. This 
introduced an uncertainty into the final calculations of 
less than two percent. 

The last correction, that due to the expansion of the 
sample holder under hydrostatic pressure, had to be 
determined experimentally. The sample holders were 
filled with a soft metal (such as lead, indium or thal- 
lium), and a measurement of the room temperature 
compression of this metal was taken as described in the 
aforementioned. The difference between the total com- 
pression as given by using the background stretch and 
friction corrections only, and the true value as given in 
the more accurate results of Bridgman,‘ was assumed to 
be due to the cylinder expansion. This difference was 
measured as a function of length for each holder at room 
temperature and was extrapolated to 77° and 4.2°K by 
assuming that it was inversely proportional to the Young 
modulus of the metal.* This correction at room temper- 
ature amounted to less than 0.005 in AV/Vo for the 
full compression in the large holder, while the maximum 
effect was about 0.020 in AV / Vo for the small beryllium 
copper holder. The inaccuracy in AV/V» due to this 
* Unpublished results at this laboratory have shown that the 
increase in Young’s modulus for steel and beryllium copper as 


the temperature is decreased is roughly ten percent from room 
temperature to 77°K and practically zero from 77°K to 4.2°K. 
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Fic. 3. Typical experimental data obtained in a 
cesium run at 4.2°K 


cause can be shown to be absolute, independent of the 
compression to a first approximation, and it was never 
greater than 0.001. It was consequently more serious 
for the least compressible metals, lithium and sodium. 
The necessity for determining the correction in this 
manner means that the results quoted are relative to 
Bridgman’s results. Making a correction in this way 
also serves to eliminate errors due to small effects 
which might otherwise be overlooked. 

A fourth correction, due to thermal expansion, was 
not serious except in the density calculations. The 
volume change between room temperature and 4.2°K 
was assumed to be —0.5(+0.3) percent for the steel 
holders, and —0.9(+0.3) percent for the beryllium 
copper holders. The weights of the samples were ob- 
tained by weighing the holders when empty and when 
full, and the volume was calculated from the value of 
the length at 1500 atmos extrapolated to zero pressure. 
The values of the densities so obtained for each holder 
usually agreed to about one-half percent, and the 
experimental accuracy is estimated to range from 0.5 
percent for the heavier metals to one percent for 
lithium. 

The metals were obtained from A. D. Mackay, Inc., 
who estimated the purities as 99.9 percent for the 
sodium, rubidium, and cesium, and as better than 99 
percent for the lithium and potassium. Except for the 
lithium, they were furnished in evacuated glass ampules 
containing from 0.5 to 1 gram. These were broken and 
manipulated under dry benzine into a glass funnel 
arrangement which could be evacuated and in which 
the metal was melted from the ampule into the cylinder 
(closed at its bottom by its lower piston), either under 
vacuum or in a helium atmosphere. The sample holder 
was then cooled considerably below room temperature 
so that the top piston could be placed in the cylinder. 
The chances for the introduction of oxide were very 
slight, since all operations were done as quickly as 
possible, and no film was ever observed on the metal 
surfaces after melting. The lithium was immersed in 
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benzine while being cut with a cork borer and placed in 
the sample holder. After the pistons had been fitted into 


the holder. it was removed from the bath and dried in 


a chamber using a vacuum pump 


There was some difficulty with extrusion of the more 


plastic metals between the piston and cylinder walls, 


! 


even though they were an excellent fit, so small, 


riangular brass rings which were pressed into the 
cylinder were used as an additional seal (see Fig. 1 
A corre was made to allow for these in the final 
ilculations 


CALCULATION OF THE RESULTS 


The values for AV/Viseo which were obtained for 
each metal in each sample holder, suitably corrected, 
were plotted against pressure on a large sheet of graph 
paper, and a smoothed curve drawn through them for 
lower 1500 


e€act temperature T he pre ssure limi of 


atmos for the small holders and 750 atmos for e large 


holder wa iused by a limitatio e minimun 
; 7 } 
weight whicl ould be used on the pressure balance 
No great etlort was made to rectily this, since at lows 
re r the trictior vas nang r so rapidly The 
pressures iti On Wa anging rapiai' 
nt af the te rn , 1500 atmos d 
agreeme ot! ne two irves € vee Aifl na 
5000 atmo vas never worse than hve per ent ol 
AV/Vis and was usualiv much better, giving a 
col lerable { i¢ f ¢ es ol ¢ lata 
ptal ed ind t é r ) l¢ 
These values of AV /} were then extrapolated to 
zero pressure by means ol an express lerived Dy 
“ 
ee a ¥ + 
AL ae - 2 
* an 
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° so » 
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Birch from Murnaghan’s theory of finite strain’: 

P= (3/28o)[y'—y* JI1—E(y—1) ], (I 
is the volume at the pressure P, 
is the initial 
and ¢€ is an 


where y= (Vo/V)', J 
Vo is zero pressure, 8 
compressibility [8= —(1/Vo)(@V/dP)r 
adjustable constant which must be found by trial and 
error. For this extrapolation, 8» is actually S1s00, and 
Vo is Vis 
£ except for the case of lithium. 

AV/V, could then be calculated from the values of 
; These 
plotted as a function of pressure in Fig. 4 for all the 
alkali metals at both 77° and 4.2°K, the actual 
4.2° smoothed data are given in Table I. It must be 
emphasized that the differences in the AV /Vo’s between 
1500 and 10000 atmos are known more accurately 


the volume at 


Good fits were found for moderate values 


which were found. compressions are 


while 


than those from zero to 1500 atmos, since these latter 


are due to an 


AV/V, 


extrapolation. The probable error in 


was estimated to be less an three percent at 


TaBLeE I. The smoothed results for the comy 


experiments on the alkali metals 


Platn Li N kK Rb Cs 
0 0.000 0.000 0.000 0.000 0.000 
$00 0.004 0.00 0.014 0.016 0.022 
1000 0.007% 0.013 0.028 0.031 0.044 
1500 0.011 0.020 0.039 0.046 0.063 
000 0.014 0.026 0.049 0.060 0.081 
3000 tetas 0.021 0.038 0.070 0.084 0.113 
4000 0.028 0.049 0.090 0.106 0.141 
6000 0.040 0.070 0.123 0.142 0.188 
8000 0.051 0.088 0.152 0.171 0.229 
10 000 0.061 0.105 0.1 0.196 0.263 
8 10 t 0.88 1.56 Of 3.88 4.93 

Bo a2 (lO : y 0.78 1.39 2.88 3.48 4.41 

25 0.9 0 0.3 +0.4 

‘ 2.0 6 0 0.15 +-0.6 

r g 0.53 0 1 0.86 1.53(1.71 1.90 

e g 0.56 1.01 0.91 1.64(1.79 » 09 
pe.42(g 0.564 1.01 0.92 1.63 2.13 


10 000 atmos for potassium, rubidium, and cesium, and 
sodium. This 
pressure for a fixed 


to be slightly higher for lithium and 
corresponds to an error in the 
AV/ I 
are the least dependable, both because of its low 
compressibility, and its lack of plasticity at 4.2°K 
curves 1 


Final AV/\} 


order to obtain 


of less than five percent. The data for lithium 


were again fitted to Eq. (1) in 
compressibilities at zero pressure, and 
the resultant values of 8) and £ are given in Table I 


and 4 YO 


The average densities at 77° and 4.2°K as found in 


for both 77 


these experiments are also given in Table I, together 
with the roorn temperature densities.'” In general, within 
at 4.2° than 

od, the change 
The agreement with the 77°K x-ray 


the limits of error, the density was greater 
at 77°K, although as would be expected, 
was quite small. 


t 


*F. Birch, J. Geophys. Research 56, 227 (1952 
J. D’Ans and E. Lax, Taschenbuch fur 
(Springer-Verlag, Berlin, 1949), p. 211 
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data of Simon and Vohsen" is satisfactory, although 
their results give slightly lower densities. 

An exception for rubidium (noted by the figures in 
brackets at room temperature and 77°K) deserves 
special mention, and a rather detailed account of its 
occurrence. The small and large holders were both filled 
with rubidium and run at 4.2°K, giving results for 
AV/V i500 and the density which agreed quite well with 
each other. The next day, the small sample was run 
at 77°K, giving the density of 1.64 g/cc which is 
recorded. The large sample and holder were then placed 
in the press and cooled, after which the pressure was 
increased slowly to “season” the sample, as was the 
usual practice. At a sample pressure of a few hundred 
atmos, a sharp crack was heard, with a coincidental 
decrease in the sample length of about ten percent. 
The resulting AV/Vis00 curve agreed very well with 
the same curve for the small sample holder, in spite 
of the difference in density (1.64 to 1.79 g/cc) and 
consequent change in V 4500. 

When the holder was warmed to room temperature 
and its length and weight checked, a sample density of 
1.71 g/cc was obtained in place of the correct 1.53 g/cc 
which was obtained for the small holder. This sort of 
phenomenon was not found for any other substance, 
and could not be reproduced in two other runs with 
different fillings of rubidium. The weight was checked 
twice, and gave good agreement at 4.2°K with the 
small holder, so that an error here seems unlikely. 
Since an error in the measurement of a length at room 
temperature to a few percent is unlikely, this isolated 
effect is reported as unexplained, and as being a possible 
new form of rubidium of higher density, stable at room 
temperature. 

Before the sample was destroyed (in the firm belief 
that the sample holder had changed its characteristics), 
an attempt was made to measure the melting point of 
the material in the sample holder. Normally, rubidium 
melts at about 38°C, while no evidence of melting was 
found as high as 100°C. A slight decrease of density was 
found after this heating, which is probably significant. 
These effects may have some connection with the rather 
strange, irreversible effects which have been found by 
Pearson in the thermal expansion of rubidium,” and 
also by others in its specific heat’ and electrical 
resistance." 


DISCUSSION OF THE RESULTS 
The 4.2°K data of Table I were extrapolated to 
50 000 atmos and were replotted as molar volumes in 
Fig. 5 to compare them with the room temperature 
results given by Bridgman."* This extrapolation of over 


 F. Simon and E. Vohsen, Z. physik. Chem. 133, 165 (1928). 

FM. Kelley and W. B. Pearson, Can. J. Phys. 33, 17 (1955). 

%T. M. Dauphinee and H. Preston-Thomas (unpublished 
results). See reference 12. 

“TD. K. C. MacDonald, Phil. Mag. 43, 479 (1952) 

%*P. W. Bridgman, The Physics of High Pressure (G. Bell 
and Sons, London, 1949), second impression, p. 178. 
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Fic. 5. A comparison of the extrapolated low temperature data 
for the alkali metals with the data obtained by Bridgman at 
room temperature 


a factor of five in pressure, made by using Eq. (1), is 
qualitatively justified by the success which Birch has 
had in fitting this function to compression data for 
pressures up to 100 000 atmos.’ Birch found that most 
substances obeyed the simpler form of Eq. (1) given 
by £=0, and this is the case for sodium, potassium and 
rubidium to 10 000 atmos at 4.2°K. If this behavior is 
to be taken as “normal” (realizing that Eq. (1) is 
semiempirical in nature), then one can conclude that 
lithium is hard (<0 
dropping off more rapidly than one would expect, and 


too with its compressibility 
that cesium is too soft (¢>0), with its compressibility 
dropping off more slowly than “normal’’ with increase 
of pressure. While the data for lithium are suspect 
because of the mechanical strength of the metal, there 
is no reason to mistrust either the actual data or the 
extrapolation for cesium. 

This “softness” in cesium and a possible explanation 


can be seen in the curves of Fig. 5. The two transitions 
for cesium shown in the room temperature curve are 
due to a change in crystal structure from body centered 
cubic to face centered cubic 
presumed change in electronic structure (a 6s electron 
moving into a 5d orbit) at 45000 atmos.*"* The 
crystallographic transformation is too small to be of 
significance for the extrapolation, but the excess softness 
of the cesium seems to be connected with a smearing 
out of the electronic transition, as is seen by the. 


at 23000 atmos, and a 


* R. Sternheimer, Phys. Rev. 78, 235 (1950). 
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coincidence of the room temperature and 4.2° isotherms 
at 50000 atmos. The 77°K 
softening effect also exists at this temperature, and it 


data indicate that the 


would be interesting to obtain experimental 


at 77°K and higher to try to discover wl 


isotherms 
at the behavior 
of the transition is as a function of both pressure and 


temperature. Electrical measurements in this same 


region would also be of interest 

The curves of Fig. 5 give some grounds for speculation 
on the suspected rubidium transition. First, it is of 
the same order of magnitude (10 percent) as the cesium 
theoretical work of 


transition, and, according to the 


Sternheimer,"* there is no a priori reason for excluding 
rubidium from having the same type of transition. If a 


more stable form of rubidium did exist, with a higher 


density and a similar P V irve, it M ould remove tne 
crossing of the Rb and Cs isotherms which has been 
commented on by Bridgman,'’ and would place rubi 


dium in its “proper’’ position at hig} 


potassium and cesium. The grounds for co sions 
like these are very vague at the moment, but they do 
give guidance for the direction of future experimenta 
work. The only other known transitions in the alkali 


1 
metals are shear-sensitive at low temperatures and 


occur in lithium'* and sodium, but since the volume 


changes are very slight, they would not show 


this work 

The 77°K data were not plotted in Fig. 5, since they 

coincide with the 4.2°K data at pressures 
rit 


ributions to 1€ 


tended to 
above 5000 atmos. The relative con 
pressure of the internal energy and the entropy terms 
have been discussed by Bridgman,” and it is of 
interest to try to estimate the entropy contribution for 
relatively low pressures near 80°K, where it should be 


1 } +} ‘ 
small. The thermodynamic relationship, 


TdS= PdV+dU, 2 
can be rewritten at constant temperature to give 


as al 
AV» ( al 1 


P=7 


In this 


temperatures, where the pressure is determined solely 


expression, the vanishes at low 


by the volume derivative of the internal energy. At 


higher temperatures, it would be possible to calculate 
the first term if thermal expansion 
’ 


anda 


magnitude of the 
data as a function of pressure temperature were 
Reference 15, p. 182 
“CS. Barrett and O. R 
Met. Engrs. 175, 579 (1948 
#*C_S. Barrett, Am. Mineralogist 33, 749 
* John Rayne, Phys. Rev. 95, 1428 (1954 
Reference 15, p 172 
= P. W. Bridgman, Revs. Modern Phys. 7, 1 (1935 


Trans. Am. Inst. Mining 


(1948 
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available, but, except for some average values at room 
temperature, these data do not exist for the alkali 
metals. Bridgman has estimated that at room temper- 
ature (0U’/dV)r=0 at pressures of a few thousand 
atmospheres for sodium and one would expect this 
term to increase rapidly with decreasing volume, while 
the first term decreases in importance. The indications 
are, however, that the entropy term is still significant 
at room temperature for pressures of 50 000 atmos. 
There is a second way of estimating the relative 
importance of this entropy term. The total work done 
in an isothermal compression can be calculated from 
the integral of —PdV, part of which appears as heat 
(—fTdS), and the rest of which appears as a change 
in the internal energy. In general, the entropy decreases 
with pressure with the total decrease limited by the 
third law of thermodynamics, since the entropy can 


never be less than its value at absolute zero for a system 
in thermodynamic equilibrium. Thus, if the value for 
the entropy difference between absolute zero and a given 

(S— Sx p=0_Jy 


then it is possible to calculate the maximum heat which 


temperature is known for zero pressure 


can be evolved in a reversible isothermal compression 
at that temperature as O<7T(S—S 

If this calculated heat is large compared with the 
total work done in the compression, it is highly probable 
that the entropy contribution to the pressure will be 
considerable. If, however, the two are comparable, then 
that 
pressed to the point where the contribution of its 
igible, since 7(0S/d\ 
will decrease with pressure, and 


one would expect he substance has been com- 


entropy term Is negli r, or the 
thermal expansion, 
(al al T 


These quantities have 


will increase. 
been calculated for the alkali 


Table Il. The 


decrease by a factor of about ten from 


metals and given in values of 
T(S—So) p- 
room temperature to 77°K and are negligible at 4.2°K,* 


while (except for the previously discussed softness of 


are 


cesium) the work done in a compression to 10000 
atmos changes only slightly. Thus, one would expect a 
relatively large pressure difference between the room 
temperature and 77° isotherms for a given value of the 
molar volume, but only a slight change between 77° 
and 4.2°K. This, in fact, is what is observed. In effect, 
the molar volumes obtained for 10000 atmos and 
77°K would seem to differ only slightly from those at 
10 000 atmos and 4.2°K, so that preliminary experi- 
mental work in the higher pressure region can probably 
be done as profitably at 77° as 4.2°K. 
* The room temperature values of the entropy were taken from 
J. D’Ans and E. Lax, Taschenbuch fur Chemiker und Physiker 
Springer-Verlag, Berlin, 1949), pp. 214-256. The low-temperature 
| f thium and were estimated from the 
Debye @’s given in the survey of F. M. Kelley and D. K. C. 
MacDona The entropy at 77°K 
for sodiun : Pickard and F. E. Simon [Proc. 
Phys. Soc. (London) 59, 1 (1948)], while the rubidium and 
cesium data are from unpublished results of Dauphinee and 
Preston-Thomas (reference 13), kindly furnished by Dr. Martin 
of the National Research Council, Canada. 
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While speculations as to the change of internal energy 
with temperature are amusing, the chief value in ob- 
taining experimental results at temperatures where the 
entropy term is negligible lies in a comparison with 
theoretical calculations. Very little has been done along 
these lines which is quantitative enough in nature to 
allow a check with the experimental results of Table I.™ 
Some time ago, Bardeen reported detailed calculations 
for lithium and sodium using the Wigner-Seitz model, 
while also giving an analysis of Bridgman’s room 
temperature results for all of the alkali metals in terms 
of a semiempirical model. Even though the latter is 
probably too simple, it is of interest to repeat Bardeen’s 
analysis using the data in Table I and his quoted 
experimental values for the cohesive energy at absolute 
zero. Very briefly, Bardeen assumed that the energy of 
a simple metal is given by 


E.on= Ay+ By’—Cy, (4) 


where y= (Vo/V)!, and the first and third terms refer 
to the energy of the electron in its lowest state, while 
the second term represents the Fermi energy. By using 
values for Vo, 89 and E,., at absolute zero and zero 
pressure, it is possible to evaluate the constants A, B, 
and C, and to compare them with theory.” This 
comparison is made in Table III, lines 3 to 7. As would 
be expected, the agreement is better than was obtained 
by Bardeen’s use of the extrapolated room temperature 
values. In particular, all the constants now have the 
expected sign, and vary in the expected direction. 

By evaluating P= —(dE/0V)p, Bardeen derived the 
following expression from this three-constant energy 
equation”: 


PVo=y'(y—1)[2A+2B/3+a(y—1)], (Sa) 
or 
P=y*(y—1)[3/Bot+- A (y—1)/Vo]. (5b) 


The second term in the brackets in (5b) is quite small 
(of the order of a few percent at most), so that the 
shape of the P—V curve is almost uniquely determined 


TasBLe II. The work done in compressing the alkali metals to 
10 000 atmos at 298° and 4°K, compared with the maximum heat 
which can be produced in an isothermal compression for the same 
metals at 298° and 77°K. The 4.2°K entropies, and hence the 
heat developed in a reversible compression at-4.2°K (not shown), 
are negligibly small. 


Li Na _K Rb Cs 
All calculations ‘in calories per mole) 
BY 0 pay /298°K 90 270 = (800) - (1050) 1350 
1 i 4°K 84 260 770 = 1020-2000 
T(S—Se)o.e* {298°K 2000 =3640 4530 5000 5900 
nr he 100 344 520 726 880 


* See reference 23. 


“FEF. Seitz, Modern Theory of Solids (McGraw-Hill Book 
Company, Inc., New York, 1940), Chap. 10. 

% J. Bardeen, J. Chem. Phys. 6, 364, 372 (1938); also F. Seitz, 
reference 24, p. 381-3. 
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Taste III. Comparison of the experimental results with theory. 
a is the lattice constant. The parameters A, B, and C are defined 


in Eq. (4). 





va K Rb Cs 











(Units) Li N 
a(exp) (10-* cm) 3.43 4.22 5.20 5.56 5.92 
a(th) (10-* cm) $3i 4 CUSED «USS 5.90 
A(exp) (10" ergs/mole) 0.45 148 1.60 2.08 1.94 
Biexp) (10" ergs/mole) 5.76 3.06 1.92 0.72 0.63 
Bith (10 ergs/mole) 2.73 1.81 1.39 1.03 0.91 
C(exp) (10% ergs/mole) 12.90 10.56 8.74 7.68 7.08 
C(th) (10% ergs/mole) 12.7 982 800 7.46 6.91 
Theoretical pressure 
in atmos for 
8900 9500 9250 9000 


Pexp= 10 000 atmos 


11 400 


once 8» has been specified. The easiest method for 
comparison here is to compute the theoretical pressure 
which would correspond to the value of (Vo/V) given 
by an experimental pressure of 10000 atmos. This 
comparison is shown in the last line of Table III. The 
indications are that all the metals except cesium are 
less compressible than would be expected from the 
observed 8» and theoretical curve, while cesium is too 
compressible, in agreement with the earlier conclusion. 
The deviations are outside the limits of experimental 
error (+500 atmos) and can be interpreted as meaning 
that the three constant equation does not provide the 
correct form of the pressure-volume curve. This is not 
surprising in view of the approximations involved. In 
particular, when these calculations are compared with 
Bardeen’s earlier work, the anomaly found for rubidium 
disappears, although anomalies appear for lithium and 
cesium. 

More recently, Brooks has published an outline of 
some new and more exact calculations on the alkali 
metals which are currently being refined.”* The latest, 
unpublished, values for the lattice constant as given by 
these calculations” agrees well with the experimental 
values at 4.2°K (see lines 1 and 2 in Table IIT), except 
for the case of lithium, where the free electron approxi- 
mation of the theory does not really apply. 


CONCLUSIONS 


The information about the density and pressure- 
volume relationships for the five alkali metals near 
absolute zero is useful chiefly as a basis for comparison 
with theory, and the check with Brooks’ calculations 
for lattice parameter at absolute zero is reassuring, and 
gives promise for the future. The existence of an exces- 
sive softness for cesium, which seems to be an indication 
of a smearing out of the large room temperature elec- 
tronic transition found at high pressure, and the prob- 
able existence of another modification of rubidium, ten 


* H. Brooks, Phys. Rev. 91, 1027 (1953). 

* H. Brooks (unpublished results). The author is indebted to 
Professor Brooks for allowing him to quote these results prior to 
publication, 
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percent more dense than normal, would indicate that 
these data should be extended to pressures of at least 
25 000 and preferably 50 000 atmos. This is not quite 
the formidable task which it would appear to be, since 
the similarity of the 4.2° and 77°K isotherms above 
5000 atmos shows that for pressures above this figure 
these metals are effectively at absolute zero at liquid 
nitrogen temperatures. It also would be of interest to 
obtain isotherms at temperatures between 77°K and 
so that the 


room temperature, especially for cesium, 


effect of temperature on the internal energy could be 
calculated. 


The agreement with Bardeen’s theoretical model is 
acceptable only for sodium, with the deviations, especi 
ally in the shape of the P—V curve, outside experi- 
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mental error. It is to be hoped that more refined 
calculations will show a better agreement between 
theory and experiment. 
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and » energy required for it to migrate through the 
crystal 

One defect (although perhaps not usually considered 
is s erest 1s a absorbed ion or mole< e « 
cry i rface. Possibly f est materials o 
portance for w i study of adsorbed particles can be 
readily carried out are the alkali-halides with a Nat 
type lattice. 7 vindlewnn volving the binding 
und diffusion energies for these solids are crystal growt 
from a vapor phase (or, conversely, evaporation) and 
the detailed Mec nism of additive colori y from the 
metal vapor. The st step, 1 i] ting the total 
energies volved, is to f 1 the energies fi solated 
defect of one kind only. This problem will be sidered 
in the present paper. Thus (although there will be dis 
location ledges on the surface’), the configuration con 


+ This paper is based on work performed at Cornell University, 
Ithaca, New York, under a predoctoral Cornell Aeronautical 
Laboratory Fellowship 

t Burton, Cabrera, and Frank, Trans. Roy. Soc. (Lor 
299 (1951 
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sidered will be a perfectly smooth (100) surface with a 
i molecule adsorbed. For the numerical 
will be taken as KCl and the ad- 

as K* This has the 
ilent effects are small, so that the 


' . , 
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results the crystal 


sorbed ion will be considered ion. 


advantage that cov 

= E = Ar : . 
semiempirical Born-Mayer interaction energies may be 
used.? 

In this case, an important problem is that of evalu- 
ating the long-range energy contributions. To facilitate 
such evaluations, use has been made of the convergence 
transformation developed in a previous paper.’ This is 


> * : é, 
lai vaiue tor the iattice 








of spe polarization energy con- 
tribution which is quite long-range in character, al- 
though it is cor “nt to so transform even the short- 
range overlap repulsive energy. As mentioned in 
reference 3, this lattice sum transformation permits 


many non-Coulomb interactions to be handled as 


easily as those of a Coulombic nature.‘ A secondary 


purpose of the 


| present paper is to demonstrate this. 


?N. F. Mott and R. W. Gurney, Electronic Processes in Ionic 
Crystals (Oxford University Press, London, 1948), second edition. 
+ J. E. Hove and J. A. Krumhansl, Phys. Rev. 92, 569 (1953). 

‘ J. E. Lennard-Jones and B. M. Dent, Trans. Faraday Soc. 24, 
92 (1928). 














SURFACE 


As far as the author is aware, there has been no previous 
treatment of the crystal polarization, due to an ad- 
sorbed ion in a general position, which has not involved 
a direct summation plus an integration. 


Il. SURFACE ADSORPTION ON A KCI (100) PLANE 


We shall consider a K* ion above a (100) face of a 
perfect, semi-infinite KC] crystal. The surface structure 
will be assumed to be the same as that of the interior; 
justification for this has been given by Lennard-Jones 
and Dent* who have calculated that the maximum 
change in the lattice spacings of the surface layer is 
about 6 percent of the bulk values (for both the in-plane 
ionic spacing and the distance between the top plane 
and that underneath). In addition, Patterson® has 
shown that there is no polarization surface structure in 
the alkali-halides. 

The energy may be separated into additive contribu- 
tions from Coulomb, overlap repulsive, and polarization 
interactions. Van der Waals and covalent effects are 
assumed negligible. The physical constants are given 
by Mott and Gurney* except for the polarizabilities. 
The ion polarizabilities were calculated from the optical 
dielectric constant by assuming their ratio to be the 
same as in a free ion state. The values obtained are 
a,=0.75 A* and a_=3.66 A* for Kt and Cl-, respec- 
tively. The displacement polarizability was calculated 
in the usual manner’ as ag=3.74 A*. The dipole mo- 
ments induced on lattice ions by the adsorbed ion were 
computed by the macroscopic approximation used by 
Mott and Littleton.* It was assumed for simplicity that 
the induced dipoles in the surface layer are also given 
by this approximation. While this is not a desirable 
assumption for a given surface ion, the total effect 
over the crystal should be satisfactory, since the errors 
committed for the near neighbors in the surface will 
tend to be cancelled by those for the far neighbors. 
Moreover, because the polarization energy is quite 
long-range, the interior lattice ions contribute sig- 
nificantly to the total energy, tending to reduce further 
the relative error of the surface layer. 

The central problem in this section is that of deter- 
mining the minimum-energy surface of the adsorbed 
ion as a function of the coordinates (x,y). The coordi- 
nate system is chosen so that the (x,y) axes are in the 
surface plane and the z-axis pointing out of the crystal; 
a ClI- ion is chosen as an origin and all coordinates are 
in units of ro, the interionic spacing. After thus obtaining 
the most stable site, parabolas can be fitted to the 
energy well to find the approximate classical vibration 
frequencies and hence the diffusion constant. The 
several contributions to the total energy will each be 
considered separately, below, for arbitrary positions of 
the K* ion. 


5D. Patterson, Trans. Faraday Soc. 48, 877 (1952) 
*N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 34, 485 
(1938). 
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1. Coulomb Energy 


The total Coulomb interaction of the lattice and the 
adsorbed ion is immediately found by the expression‘ 


8e?_ 
Ve=— D (cosal,x)(cosrlzy) (l,2+1,")", 


To ly lel 
(odd) 


X(1+expl—a(lt+h*)'}} 
Xexpl—wz(l:2+1.")*]. (1) 


Since we expect z to be of the order of unity, the (1,1) 
term is a sufficient approximation. For KCl, ro is 
3.14 A and Eq. (1) thus becomes 


V.= — (25.38) (cosrx)(cosry) exp(—4.45z) ev. (2) 


It is of interest to note that at s=1 and (x,y) = (0,0), 
this is (—0.296) ev. This illustrates how small is the 
out-of-plane contribution to the Madelung energy, since 
the total Madelung energy for KCI is (—7.94) ev. 


2. Polarization of Adsorbed Ion 


The electric field of the crystal can be found above 
the surface from the gradient of Eq. (2). Using the free 
ion polarizability,’ the polarization energy of the Kt 
adsorbed ion in this field is 


V »* = — (18.70) (cos*wx+- cos*xy) exp(—8.90z) ev. (3) 


At s=1 and (x,y) = (0,0), this equals (—0.005) ev which 
is of the order of the Van der Waals energy. We shall 
thus neglect these contributions here although they 
would represent most of the binding of an adsorbed rare 
gas atom. 

3. Crystal Polarization 


The presence of a single adsorbed ion will polarize 
the crystal; the polarization field then interacts with 
the ion to produce a long range attractive coupling. 
Using the macroscopic approximation of Mott and 
Littleton,® the total interaction energy of the crystal 
polarization is 


V >= —4ero"[M_S_+M,5S, ]. (4) 
Here 


Ss=ro'D_ (r=) (5) 


is the sum over the semi-infinite crystal of the face- 
centered sublattice of either Cl- or K* ions, where r¢ is 
the distance from the adsorbed ion to one of the lattice 
ions. M+ are constants for a given type of ion, involving 
the polarizabilities and the dielectric constant, and are 
derived in reference 6. For KCI, the respective numerical 
values of M, and M_ are (0.0156) and (0.0690) for a 
rigid lattice and (0.0488) and (0.0764) for a displace- 
able lattice. It should be noted that the Cl- ions will 
contribute most of the polarization energy and further- 
more that their contribution is not greatly altered by 
considering the lattice to be displaceable. The ions in 
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the surface layer just underneath the adsorbed ion will 


not, of course, be displaced upward; rather they 


pull the adsorbed ion down. For this reason, in the 


it will be assumed that the lattice 


present calculations, it 
is rigid. Since there is little numerical! difference involved 
for KCI, this is not a major assumption. 

The lattice sum of Eq. (5) converges quite slowly. 
It may, however, be transformed into a form which 
converges rapidly for values of z of the order of unity. 
This has been done explicitly in reference 3, and it is 
easily shown that only the following terms of the trans- 
formed series must be retained: 

S¥ = hart (z,2)+ (22.62)x? (82) (cosrx) (cosry 
* K (4.4462) + 22*2' (cos24x+ cos2ry 
& K 1 (6.2842) +- (45.25 )a? (82 cos2rx 
x (cos2ry) * A,( 8.8802) ev 6 
In this expression, 
a 
(z,2) zs z+) 
is the generalized zeta function which is tabulated 
K, is the Bessel function of first order and the second 
kind for in aginary argument For z 1, the first term 
in Eq. (6) is readily shown to be (2/2) (x?/6 ile a 
integration of a cont um ot r™ interaction centers 
gives ir 2). Thus the first terr n Eq 6) 1s e resu 
of a discrete summation over all the (100 planes, but 
smearing out each individual plane. The remaining 
terms represent the lowest order effect of the actua 
discreteness of the (100) planes. For z=1 and (a 
UO), the value ol £ becomes 0.528) ¢ Vn 
is almost twice the Coulomb « ergy This is therefore 
a very important contribution to the binding energy 
4. Overlap Repulsion 

Although the over ip repuision 1S a very short-range 
interaction, it is more convenient for our purpose to 
write it as a sum over the lattice and transform in a 


(420) 


(V-Vmin) 


‘eae 





Fic. 1 


bers in 


The nun 


Minimum energy surface 


parentheses are V— Vain, in ev 
7 E. Jahnke and F. Emde, Tebdles of Functions (Dover Publica 
tions, New York, 1945). This actually tabulates the logarithmic 


derivative of the [ function, but these are simply related to the 


generalized zeta function (see, for example, reference 3). 
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similar manner to the polarization energy. Since the 
transformation separates the interaction into sums of 
products of terms (simple cosine functions) and z 
terms, this procedure simplifies the calculation when 
many (x,y points) are 
desired. The resulting expression for the total overlap 
energy for KCl is 


x,y 


points (each with several z 


V-= (81.20) (149.122) exp(—9.12z)+ (75 
X (14+ 10.152) (cosrx) (cosry) exp(—10.15z 
+ (90.1) (14+ 11.072) (cos2xx+ cos2ry 
exp(— 11.072)+ (119) (14 12.732) (cos2rx) 


X (cos2ry) exp(— 12.732) ev. 7 


The magnitude of the largest neglected term is about 
10 at of first term. At z=1 and (zx, 


= (0,0), this yields a value of 0.1615 ev, while a direct 


times th: the y 





sum over nearest and next-nearest neighbors gives 
0.1618 ev. A much more severe test of the accuracy of 
Eq. (7) is for z=4 and (x,y)= (4,4), which will never 


arise in the present calculations. Nevertheless, Eq. (7) 


then gives 1.568 ev while a direct sum gives 1.623 ev. 


a satisfactory agreement. The individual ion pair re- 
pulsion energies used in obtaining the above are those 


reference 2. Since Eq. (7) is capable of an 


given in 


independent check, the exact series is not presented 


here, although it may be found in reference 12. 


5. Surface Dipole Layer 


The surface layer in an ionic crystal will always have 





some degree of permanent pol: due to the 
unbalanced electric field of the rest of the lattice. In 





obtaining the dipole moments of the surface ions, the 
results of Lennard-Jones and Dent‘ will be used. They 


field at 


( luding that from the other surface dipoles. Considering 


have computed the total electri any ion, in- 


iT 


i 
i 
moments on Cl 
0.780)e/re and 


stant has unit 


a positive d 


he 


~le moment to be pointing out of the 
and K* surface ions are 
0.286)e/r¢*, respectively, 
s of A®. The total interaction 
energy with an absorbed ion is 


Va 


surface, t 
found to be 


where the con 


e>-[ pe: (r—m) ]| r—r, |, 


where the sum is over the surface layer only and p is 


always normal to the (100) plane. This is readily trans- 





fev) 
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Fic. 2 


Plot of V versus s at (x,y) = (0,0). 
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Taste I. The coefficients (in ev) of Eq. (9) as a function of s (normalized to ro). 























2 1S 14 13 125 1.20 145 1.01 105 100 095 0.90 085 080 O75 0.70 065 060 O55 0.50 
—A 0.281 0.306 0.335 0.350 0.365 0.380 0.393 0.403 0.406 0.401 0.376 0.326 0.235 0.085 —0.162 —OS3I —1.090 ~1.965 —3.235 
—~B 0.031 0.048 0.075 0.088 0.115 0.143 0.176 0.218 0.267 0.323 0.385 0470 0.542 0.631 0.714 0.757 0.752 0.642 0471 

( 0.000 0.000 0.000 0.001 0.001 0.002 0.004 0.008 0.013 0.023 0.038 0.076 0.108 0.180 0.297 0.486 0.797 1.285 2.079 

D 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.002 0.004 0.008 0.014 0.025 0.045 0.080 0.142 0.252 0.445 0.787 1,339 
formed by the method of reference 3 into a rapidly _ be very closely approximated as 
convergent sum which is given in reference 12. The — 

B 8 R=vexp(—¢/kT), (11) 


result, when one retains only the lowest order term, is 
Va= (1.964) (coswx) (cosry) exp(—4.45z) ev. (8) 


There is also a constant term which arises and which is 
characteristic of dipole layers. This has no significance 
in the present calculation and has been dropped. At 
z=1 and (x,y)=(0,0), Va has a value of 0.025 ev, 
which is quite small compared to other interaction 
energies. 

6. Total Energy 


By combining all the above terms, an expression for 
the total energy may be written as 


V = A+ B(cosrx) (cosry)+C(cos2rx+ cos2ry) 


+ D(cos2rx)(cos2ry). (9) 


The coefficients are functions of z only and are tabu- 
lated in Table I. 

The minimum value of V was found for various 
values of (x,y). This minimum energy surface is shown 
in Fig. 1; the stable position is at (0,0) with the K* ion 
at z=0.90, and a binding energy of 0.683 ev. The saddle 
point for surface diffusion is at (},}) with s=0.85 and 
a binding energy of 0.453 ev. Thus the activation energy 
for surface diffusion is 0.230 ev. By fitting the energy 
minimum near (0,0) with a paraboloid, the classical 
frequency of vibration parallel to the surface can be 
estimated as 10" sec’. Figure 2 shows a plot of V vs z 
at (x,y)= (0,0). By fitting this with a parabola also, 
the classical frequency normal to the surface is esti- 
mated to be 2.810" sec™'. It might be mentioned 
that the crystal polarization energy, while very im- 
portant for the binding energy, does not greatly affect 
the diffusion activation energy. The latter is mostly 
made up of the change in Coulomb energy, which is 
about 0.3 ev. 

The rate of diffusion or evaporation of an adsorbed 
K* ion can be written as® 


R= (Q2'/aQ):) (RT /h) exp(—e/kT), (10) 


c 


where a is the number of equivalent paths, ¢ is the 
activation energy, Q; is the partition function in the 
normal state, and Q»' is that in the activated state 
excluding the translational degree of freedom along the 
diffusion path. This assumes a transmission coefficient 
of unity. Applying standard rate theory, Eq. (10) can 


*See, for example, Eyring, Walter, and Kimball, Quantum 
Chemistry (John Wiley and Sons, Inc., New York, 1944), p. 16. 


where vy is the classical vibration frequency, for both 
diffusion and evaporation. 

For surface diffusion, the mean time for a single jump 
is thus found to be 10~* second at room temperature. 
This gives a diffusion constant of about 2X10~" cm? 
sec~'. From the calculated evaporation rate for a single 
ion the mean time which that ion spends on the surface 
is found to be 0.29 second. The product of the surface 
diffusion constant and the mean time spent on the 
surface is the square of the mean path length traveled 
on the surface. From the above calculation, this length 
is 1.9X10~ centimeter. This is quite long since a 
reasonable figure for the linear dislocation density is 
about 10* per centimeter; thus the ion has an excellent 
chance of finding a more stable site at a dislocation 
ledge.’ 

It is probably true that the vapor above the surface 
will be mostly molecular, since the heat of sublimation 
of KCl is 2.2 ev,’ half the dissociation energy of the 
molecule.” Thus, it is also of interest to calculate the 
above quantities for an adsorbed KCI molecule. The 
chief difference between this case and that of the Kt ion 
is that there is no longer any long range polarization 
energy. In computing the binding ‘energy, the KCl 
molecule was assumed to be purely ionic with a separa- 
tion equal to the crystal spacing (3.14 A). This was 
done for obvious reasons of convenience but the ob- 
served spacing of the free molecule is less (2.67 A)." 
It is not difficult to show that the lattice interaction is 
insufficient to stretch the molecule appreciably,” so 
that our result will be an overestimate of the binding 
energy. Without presenting the details of the calculation 
(which are similar to those for the single ion and are 
given in reference 12), a binding energy of 0.36 ev was 
found for the molecule, with a classical vibrational 
frequency normal to the surface of 1.9% 10" sec. An 
additional difference between this case and that of a 
single ion is that the molecule will gain at least one 
rotational degree of freedom by evaporating from the 
surface. It may gain two, if the molecule on the surface 
is assumed fixed, but it is probably more nearly correct 
to consider it as free to rotate in the surface plane. In 


* Gmelin, Handb. der Anorgan. Chem. (Kalium) 22, 373 (1938). 

” A. G. Gaydon, Dissociation Energies and Spectra of Diatomic 
Molecules (John Wiley and Sons, Inc., New York, 1947). 

"4 Fabricand, Carlson, and Rabi, Phys. Rev. 86, 607 (1952). 

1 J. E. Hove, Ph.D. thesis, Cornell University, 1953 (unpub- 
lished). 
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either case, this will introduce rotator partition fur If the vapor could be made ionic (say by electron bom- 
ions into Eq. (11). The partition function for two bardment, or if the present calculations can be con- 
ingular degrees of freedom becomes*® sidered essentially valid for a solution), however, the 
growth would be much more rapid, since practically all 
which hit the surface will migrate to a surface 


id that for a plane rotator defect. This assumes that a Cl- ion would have about 


the same surface characteristics as does a K* ion; since 


} | 1 s*0 , 

the only essential differences are the polarization energy 
ee emperature) approximation. The Of the adsorbed ion, which is a negligible contribution 
moment ‘ T). was estimated 1310-38 anyway, and the overlap repulsion energy of the next- 
vram-cm* for K¢ ‘ in Gimneeatee thevelos nearest neighbors, this should be a good assumption. 

gram-cm’ for K At ro emperatu erefore e 
the mean time Bins e sie rfacs rhe author has not made a study of the actual growth 
. ' 5 15-7 | if it can rotate freely ‘ates to be expected, but the present results indicate 


. for i re of the type used 
Wi me that ther , , ter by Burton, Cabrera, and Frank! must be modified to 











7 ere é f 
wit ‘ r | = , ‘ de 10! re ymbination on the surtace rhis is 
sia a inl te Che anit However necessary because such a recombi 1 would result in 
Torr a a ' sees 1 KCl molecule, which would then evaporate almost 

- ‘ th, thy ranclatior We would also like to’ mention some possible effects 

} red hile aha of our results on the description of the additive coloring 

. wall a went , rocess in K{ [he usual picture? is that the K atom 
’ ’ : : ; ( ele ron to the conduction | | of the crvstal 
f ’ ’ } l e resulting nm moves to a surface ledge, 

sodieers , ere it attracts a e ion from the layer beneath. 
er ee e res g vaca migrate into the crystal and 

, es t » the electron t an F-center. It can be seen, 

1) ‘ ling ther ¢ Irom our resuits, that it is not energeti teat feasible for 

ee: ; ae 1 K atom to ionize upon approaching a perfect surface. 
—— , ' en 1 sca ta rhus the ion would gain a little less than 0.68 ev, but 
\\ ae re that the ionization energy of K is about 4.1 ev. It is difficult 

K ( , erts rface { n ea state where the electror ld gain enough 
media te Seas tikttine , ae aeot eee ' energy to make up this difference, so that only those K 
ted + ‘ ‘ , ‘ . , m the en: itor ear a surtace defect would be expected to con- 


nly 1.04 , St are tribute to the formation of F-centers. Another mecha- 
m could also occur, namely the approach of a K 
itom near an ad 1 Cl ion. The formation of a KC] 
Ill. SUMMARY molecule would thus be energetically feasible since the 


. lissociation energy is 4.4 ev, and the electron could 





enter the conduction band of the crystal, thus gaining 





further energy of the amount of the electron affinity 
ol a kK ( ve pres¢ | r pm : ° 
; . ; f KCI. Therefore, such a process could be an appreci- 
( eV, é Y i 
= en ae ee Latta memtinnedl It 
0 2 ’ PRE TE BC ible px yr of the first mechanism mentioned. The 
of ti 3 » Kae thn « , essential difference would be that one mechanism in- 
ct ‘ ) | ‘ { the e order reases the st lume and mass e the other 
mag These \ ( t < lecreases ther e the KCl mo ev quickly 
tine i ( £ * evaporate. W { ere 1S enougn Of a mass inge ina 
meter ¢« face ¢ ‘ g f eavily colore stal to be measurable, it is difficult 
mole é eave ‘ eb ( » avoid oxidation and other effects of the same order 
more | re I es . s I magr ide and the author is unaware of 1y such 
n robi¢ S § measurements 
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Optical Bleaching of F Centers in X-Rayed Alkali Halide Crystals* 
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When F light is absorbed by F centers it is assumed that electrons leave negative-ion vacancies and are 
transferred to the conduction band. Conduction electrons may be captured by holes and by negative ion 
vacancies. It is assumed that the cross sections for the latter two processes are equal and that the conduction 
electron concentration is small and stationary. Under these conditions the local F-center concentration, n, 
is specified by the equation dn/dt= —b/n*, where / is the local F-light intensity assumed to be given by the 
Beer-Lambert law and 6 is a constant. Exact expressions for m and J have been obtained for the case of a 
uniform initial F-center distribution. The theoretical results are compared with quantitative measurements 
of the F-center concentration as a function of F-light irradiation time in x-rayed NaCl for a range of inci 





dent light intensities and initial F-center concentrations. It is found that the behavior of the model is 
consistent with experimental data in lightly x-rayed crystals having initial concentrations in the range 


~10'*—~10" cm. In n 


the bleaching and deviat 


I. INTRODUCTION 


URING the course of a recent investigation on 

the production and bleaching of color centers in 
x-rayed alkali halide crystals,’ we became interested in 
the possibility of describing the optical bleaching 
process by means of a model. Such a model should 
take into account the spatial distribution of the centers 
produced by the x-rays and the nonuniformity of the 
bleaching light intensity throughout the crystal. The 
model should also be consistent with the fact that photo- 
conductivity*® is associated with optical bleaching at 
temperatures that are not too low and with the possi- 
bility that there is an appreciable concentration of 
unfilled negative ion vacancies in an x-rayed alkali 
halide crystal. Mathematical descriptions of this kind 
have been studied in connection with the luminescence 


and conductivity of phosphors.* Similar models have 
been applied to the case of electronic conductivity in 
semiconductors.‘ 

Relatively little work on the above type of models 
has been done for color center phenomena in the alkali 
halide crystals. We feel that the investigation of the 
properties of theoretical models is important as a means 
of interpreting quantitative experimental data. Even 
the study of simple models may yield some under- 
standing of the gross features of the data and provide 


a basis for more “realistic’’ models. 
The present paper deals specifically with the bleach- 
ing by F light of F centers produced by x-rays in crystals 


of various thicknesses. A range of bleaching light in- 


* This work was supported by the Bureau of Ordnance, Depart 
ment of the Navy 

! Mador, Wallis 
(1954 

J. J. Oberly and E. Burstein, Phys. Rev. 79, 217 (1950) 

* See, for example, Herman, Meyer, and Hopfield, J. Opt. Soc 
Am. 38, 999 (1948) as well as numerous other references in 
Bibliography on Physical Electronics prepared by W. B. Notting 
ham and staff (Massachusetts Institute of Technology, Cam- 
bridge, 1954). 

‘See report of Conference on Photoconductivity held at 
Atlantic City, November 4-6, 1954 (to be published 


96, 617 


Williams, and Herman, Phys. Rev 





wre heavily x-rayed crystals, appreciable growth of M and R bands occurs during 


ions from the behavior of the model are observed 


tensities and initial color-center concentrations was 
employed. 
Il. EXPERIMENTAL 

All of the experimental work described in this paper 
concerns single crystals of NaCl obtained in various 
lots from the Harshaw Chemical Company. The x-ray 
coloration was done at room temperature using a 
Picker-Waite diffraction unit with a Machlett x-ray 
tube and an accelerating voltage of 50 kv. The optical 
absorption measurements and bleaching were carried 
out at room temperature with a Beckman Model DU 
spectrophotometer having a 2-volt and 6-volt Sorensen 
power supply. 

The F-center concentration in an x-rayed crystal is 
nonuniform in the direction of the x-ray beam. For this 
reason the direction of the bleaching F light as well as 
the light used for the optical absorption measurements 
was taken perpendicular to the x-ray beam direction. 
In this way the bleaching process was initiated in a 
portion of crystal containing an essentially uniform 
distribution of F centers. The details concerning experi- 
mental arrangements and techniques are discussed fully 
in reference 1. 

Ill. THEORETICAL MODEL 

In a previous paper,' a discussion was given for the 
optical bleaching of an initially uniform distribution of 
F centers with the restriction that only a small fraction 
of the incident light is absorbed and that, consequently, 
negligible concentration gradients develop during the 
bleaching process. The present work extends this treat- 
ment by removing this restriction. 

The electron transfer processes during bleaching in- 
volve the elevation of an electron from an F center 
into the conduction band by the absorption of a 
quantum of radiation and a phonon, and the capture 
of conduction electrons either by positive holes or by 
negative ion vacancies.® The nonlinear kinetic equations 

‘It should be noted that the F-center concentration after 
optical bleaching was determined after the thermally unstable F’ 


435 





436 R. HERMAN 


for these pro esses may be written as follows,’ 





membering that all dependent 
| 


sles are bot! 


time-dependent : 


On p/ Ol=—aplny NN, 





On,/dt=apl ns nM komm, 


On,/dk=aprplnp—knn,, 


On,/ dt komm, 


intensity of the bleaching F light; 

local concentrations of F 

negative-ion vacancies, 

respe I * cross section for tne 


<CoOmposit 
po 








Fic. 2. Exact solution of Eqs. (4) and (6) giving the F-center 
concentration as a function of z which depends on the depth and 


time of optical bleaching. 


— As in previous work,'? we again make certain simpli- 

fying assumptions, namely, that the conduction electron 
concentration is stationary in time, dn,/di=0, the rate 
constants k; and ky are equal, ki=k.=k, and that 
ny>>n,. From these assumptions and Eqs. (2a) and (2b), 
it follows from Eq. (1b) that 








n—(orl/kN)n,y. (3) 


An exact expression for m, for the case k= k, with the 
initial condition n,=0 for ‘=0 is given by’ 


y{1—exp/ -(1 t+y)kNt}} : 
nr, (5a) 
1+y)kNE] 
—=—= Siofiorory stele epprosimetion | 


a= he y=orl/(kN). (3b 
| 


For ¢p~10~-"* cm’, J~10" quanta cm™ sec™!, k~10~° 
cm’/sec, and N~10" cm™, y~10-” 





and may be neg- 
ed compared with unity. The exponentials in Eq. 
3a) may then be neglected for times £>1/(kN)~10-* 
sec and the approximation given in Eq. (3) is obtained. 
These results are presented graphically in Fig. 1. It is 
clear that for physically interesting values of y and kN 
he stationary state solution is a very good approxi- 
mation except for the initial rise time 


ect 





1 
Using Eqs. (2a) and (3), Eq. (la) may be trans- 
deo been neatected formed to the simplified form 
the cross section for the absorpt 
x F center yielding an ited / 
s the primary quant 
raction of the i into U , ai 
are then transferred du ion Dband b=or V, (4a) 


tion of a phonon. The 


center, ther 


On p(x,t)/dt= —bI np’, (4) 


and ew, reapectivi and x is distance measured from the illuminated face 
orresponding cross sections and is the average speed 
onduction electrons. For lers of n 


le, op ~or~l0 ‘ =. ™R. V. Hesketh, thesis, University of 


{ Durham, Durham, 
~10" cm/sec, and &y~wky~ 10" 2 England, 1953 (unpublished) 
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of a crystal of thickness x» in the direction of the 
bleaching light beam. In the limiting case where the 
initial optical density is very low the light intensity J 
can be assumed to be a constant J;. Equation (4) then 
yields upon integration! 


np /np=1+-n pb! it. (5) 


In the more general case, we assume that the Beer- 
Lambert law is obeyed so that one may write 


61 (x,t)/dx= —ao,nrl, (6) 


where a, is the cross section for the absorption of a 
photon by an F center. 

An exact solution to Eqs. (4) and (6) has been found 
for the case that mp(x,t) and J (x,t) satisfy the boundary 
conditions: 

np(x,t)=np° at t=0 for all x, (7a) 
and 


I(x,t)=],; at x=0 for all ¢. (7b) 


If one introduces the dimensionless variables 
n=np/np’, (8a) 


=1/1;, (8b) 


=OyN px, (Sc) 


= Sol, (8d) 
where 


So=npdl ;, (8e) 


then the exact solution may be written as 


-Ei{In(1/n) ], (9) 
where 
Eif In(1+7) ] 


2=y- (9a) 


and Ei(&) is the exponential integral function® de- 
fined by 
f exp) 
do (9b) 





























Fic. 3. The F-center concentration as a function of depth in 
the crystal for various times of optical bleaching according to 
the exact solution. 


*See Tables of Sine, Cosine, and Exponential Integrals (Works 
Projects Administration, Mathematical Tables Project, New 
York, 1940 
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CENTERS 














Fic. 4. The bleaching light intensity as a function of depth in 
the crystal for various times of optical bleaching. The dashed 
curve shows 9 = /(y) for a uniform distribution of F centers having 
the same average concentration as the solid curve at r= 2.0. 


where the principal value of the integral is to be taken 
A derivation of Eq. (9) is given in Appendix A 

The local light intensity g is shown in Appendix A 
to be given by 


9=I|n(1/n)/In(1-4 (9c) 


In Fig. 2, 


Eq. (9 
is readily found by first computing z using Eq. (9a) and 
then determining 1/n from Fig. 2. 

Equations (4) and (6) may also be integrated numeri- 


is given a plot of 1/n vs z as obtained from 


The value of n for any given depth y and time r 


cally by using the finite difference equations, 


Any bIn,*Al, (10a) 


Al = —o,nrl Ax, (10b) 


and the boundary conditions on my and J given in 
Eq. (7). Some of the calculations reported in this paper 
were made by numerical integration prior to the finding 
of the exact analytical solution. Spot checks indicated 
that the numerical results are within ~10 percent of 
the exact values 

The nonuniformity of the bleaching light in the 
crystal leads to the formation of concentration gradients 
during the bleaching. The effect of a concentration 
gradient has been shown’ to increase the average 
bleaching rate compared with the rate for a uniform 
concentration of the same average value. The variation 
of m with distance y at various times 7 is shown in 
Fig. 3. It may be seen that for r=2 the concentration 
is ~40 percent higher at y=1 than at y=0. 

The variation of light intensity, 9, with y at various 
values of 7 is shown in Fig. 4. The presence of a positive 
F center concentration gradient for r=2 causes 9 to be 
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value of 


bleachir 


the average 
concentration versus the irat of optical 


the exact t 


crystal thicknesses according & solutior 


somewhat larger at interior points of the crystal than 
the values corresponding to a uniform concentration of 
the same average value 


The measurement of tl 
average value Ny of the 
the thickness of the rystal In 
theoretical of N F 


' 1 
crystal thickness Yo. 


1€ optical] density yields the 
F-center concentration over 
Fig. 5 are plotted 
Vy against 7 for various 


In the limit yo—0, 


values 
values of the 
the curve is a straight line in agreement with Eq. (5 
For any yo, the initial slope of the curve is proportional 
to the average initial bleaching light intensity. As 
increases, the initial slope accordingly decreases. For 
given yo>QO, as 7 increases, the slope increases and 
approaches that of the limiting case yo=0. 


IV. EXPERIMENTAL RESULTS AND DISCUSSION 


The optical bleaching experiments on NaC! described 


below were carried out on hin (~0.1 cm) and 
thick (~1.0 cm) crystals covering an initial F-center 
concentration ~10"-~4 10" cm“. The 


II] appears to agree 


range of 
theoretical model discussed in Se 
rather well with the results for initial F-center concen- 


~ 10" 


; 


trations of ~10" cm Outside this range of 
concentrations deviations were observed which will be 
discussed later 

It should be emphasized that there does not appear 
to be a general theoretical treatment for the optical 
bleaching of a crystal containing an arbitrary non- 
uniform initial concentration distribution of F centers. 
The theory discussed above treats the case of a uniform 
initial distribution. 
were carried out by bleaching x-rayed crystals in the 


For this reason the experiments 


direction perpendicular to the x-ray beam. The bleach 
ing light beam was sufficiently narrow so that the 
change in F-center concentration over the beam width 
was small. Various initial F-center concentrations were 


AND R 


WALLIS 


obtained by bleaching at various distances from the 
x-rayed crystal face. The experimental and theoretical 
results were compared in the following manner. The 
experimentally measured optical density, logyo(J;/Iz0), 
for a crystal of thickness x9, can be directly related to 
the average F-center concentration along the light 
path, N», if the Beer-Lambert law is assumed. The 
relation is 


I; zo zr 
logio = f n rdx | f dx= Np, (1 1) 
I zo 0 0 


where Jzo is the transmitted bleaching light intensity. 
The cross section for the absorption of photons, o,, can 
be determined assuming Smakula’s equation relating 
the absorption coefficient to the F-center concentra- 
tion.’ By using an oscillator strength f=0.7 and an 
F-band half-width of 0.51 ev, o, for NaCl was com- 
puted to be 1.32 10~'* cm’. 

The theoretical value of Vp at any time ¢ is obtained 
by evaluating the integral in Eq. (11) using the values 
of np vs x given by Eqs. (9) and (9a). This result de- 
pends on the value of the quantity so=mnp°bl; which 
defines the dimensionless time coordinate in Eq. (8d). 
The quantity so was adjusted to secure the best agree- 


In10 


oT pXo 


ment between theory and experiment. If one assumes 
that the quantum yield g,=1 (see footnote 6) then 
orp=c,. Since 7; and o, are known and since np® can 
be determined by using Eq. (11), the adjustment of so 
yields the value of V which is the total number of 
filled and unfilled single negative-ion vacancies. 

The values of \V,r°/N» derived from experiment on 
an NaCl crystal are plotted against the time of bleach- 
ing ¢ in Fig. 6 for initial F-center concentrations between 
0.34 10"* and 1.42 10'* cm. The incident bleaching 
light intensity was maintained constant at 0.8710" 
The theoretical values of Np°/Np 
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Fic. 6. A comparison of theory with experiment for the optical 
bleaching of F centers in x-rayed NaC] for initial P-center con- 
centrations in the range ~10"-~10"* cm™. 


+ A. Smakula, Z. Physik 59, 603 (1930 
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with so chosen to give the best fit to experiment are 
indicated by the solid lines. The agreement between 
theory and experiment is quite good except for the 
bleaching of the last 25 percent of the F centers in the 
case of the two highest initial concentrations. The 
origin of this discrepancy is not clear. 

Experimental data and theoretical curves for the 
bleaching of an NaCl crystal at initial concentrations 
between 0.32X10"7 and 1.4410" cm~ are presented 
in Fig. 7. The intensity of the bleaching F light was 
the same as in the former case. The experimental 
results are seen to be consistent with the behavior of 
the model. 

A series of bleaching experiments were carried out at 
the same initial F-center concentration but different 
incident bleaching light intensities. The results are 
given in Fig. 8 for np°=0.31X10" cm™ and in Fig. 9 


Ye 








Fic. 7. A comparison of theory with experiment for the optical 
bleaching of F centers in x-rayed NaCl for initial F-center con- 
centrations in the range ~10"*-~10" cm™ 


for nr°=1.4X10" cm™. In this series of experiments 
the bleaching light intensity varied from ~3X10" 
~9X 10" quanta cm™ sec. 

Values of the parameter NV =np°+-ny* were computed 
from the values of so obtained by the fitting of the 
theoretical curves to the experimental data. The results 
are given in Table I. The quantity n,°+-ny° is plotted 
against mp® in Fig. 10. Now an increase in np® un- 
accompanied by an increase in the total number of 
filled or unfilled single negative ion vacancies, i.e., 
ny’+ny, would imply that the x-ray process fills but 
does not produce negative ion vacancies. The fact that 
np®+ny° is roughly proportional to my®, as can be seen 
in Fig. 10, is evidence that the x-ray process produces 
single negative ion vacancies. 

Reference to Table I shows that for a given value of 
np the value of np’+mny° determined by a bleaching 
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Fic. 8. A comparison of theory with experiment for the optical 
bleaching of F centers in x-rayed NaCl for various bleaching light 
intensities at an initial F-center concentration of ~3X 10"* cm™ 


experiment is essentially independent of the bleaching 
light intensity, 7; This result is consistent with the 
foregoing theoretical model in that /; occurs only in 
the product sof as shown in Eqs. (8d) and (8e). 

For initial ¥-center concentrations outside the range 
~10'*-~10" cm~* we consider first the case of crystals 
x-rayed for a prolonged period and having initial 
concentrations between ~1X 10" and ~4X10" cm™, 
In Fig. 11 is shown Np®/Ny» vs ¢ for a NaCl crystal 
x-rayed for ~40 hr at 50 kv. Two features of the curves 
should be noted, namely, that the rate of bleaching is 
considerably lower than for lower initial F-center con- 
centrations and that the curvature is different than in 
the former cases and is not in agreement with the 
proposed model for the case k,;=,."' During these 
optical bleaching experiments it was noted that the 
R and M bands grew to a significant extent as the F 
band was bleached. However, this was not observed for 
crystals having shorter x-ray irradiation times. 
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Fic. 9. A comparison of theory with experiment for the optical 
bleaching of F centers in x-rayed NaC! for various bleaching light 
intensities at an initial F-center concentration of ~1X 10" cm™*. 


4 See Fig. 5 which shows the curvature predicted by the model 
for ky = ky, 
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TasLe I. Parameters ny and ny°+n/’ for various initial F-center 
concentrations and incident bleaching light intensities 


J; quanta 
3 se 


nr ~~ ny®+np* ’ n m~?* 
0.34 10"* 0.87 10" 0.82 10"* 0.48 10'* 
0.63X 10** 0.87 10" 2.0 K10** 14 X10" 
14 X10" 0.87 10" 5.1 x10" 3.7 X10" 
3.2 X10" 0.87 10" 1.13 107 8.1 «10"* 
3.1 «10" 0.64 10" 1.00 10" 69 «x10"* 
3.2 X10" 0.27 10" 0.89% 107 5.7 K10'* 
6.7 *10"* 0.87 10" 2.0 X10" 13 «K10" 
14 X10" 0.87 10" 28 10" 13 10" 
14 X10" 0.64 10" 2.8 10" 1.3 «10 
14 X10" 0.27 10 1.9 X10" 0.5 10" 


It may be seen from Fig. 7 and Fig. 11 that the 
bleaching rate for the concentration np°=~1 X10" 
cm™~* was considerably slower in the crystals x-rayed for 


a prolonged period (heavily x-rayed crystals) than in 
those x-rayed for a short time (lightly x-rayed crystals). 
This difference may be due only to a difference in the 
particular crystals or it may be due to the difference in 
the intensity and hardness of the x-rays at different 
depths in the crystal. To attempt to clarify this point, 
two specimens cleaved from the same crystal were 
x-rayed, one for one hour and the other for ~40 hours 
They were then re-x-rayed in a direction perpendicular 
to the original direction of x-ray at depths for which 
the F-center ~5.5X 10" cm in 


each case. It was found that the rate of production of 


concentration was 


F centers during the second irradiation was significantly 
hours 


larger in the crystal initially irradiated for 40 


than in that irradiated for one hour. This result and 
the difference in the optical bleac hing rates appear to 
be consistent with a larger value of ny®/np® at a given 
value of m,® in a crystal irradiated for a prolonged 
period at low x-ray intensity than in a crystal irradiated 
for a short period at a high intensity of 
softer x-rays. 


somewhat 
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Fis. 10. The total concentration of filled and unfilled negative ion 
vacancies versus the initial /-center concentration 
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bleaching in heavily x-rayed crystals and for the shape 
of the curves in Fig. 11 is that some of the holes are 
trapped in an aggregate of positive-ion vacancies such 
that the resulting V center has a small cross section for 
capture of conduction electrons. It has been observed 
by Casler, Pringsheim, and Yuster” that the so-called 
VY, band is present in a KCI crystal x-rayed for two 
hours at room temperature, that this band does not 
bleach appreciably when the F band is bleached by F 
light, and that it is difficult to bleach the F band com- 
pletely. Seitz has suggested that the V; center con- 
sists of a hole trapped at a pair of positive-ion vacancies. 
Such a model would have a net negative charge and 
would repel conduction electrons. Further experimental 
work on lightly and heavily x-rayed crystals is required 
to clarify the role of the V bands during the F-light 
bleaching of the F band. 

For initial concentrations in the range 1.0X10'5- 
7.0X10"* cm~ optical bleaching rates of the F band 
were studied using a very thick (1.67 cm) NaCl crystal 
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Fic. 11. Experimental values of the reciprocal of the average 
F-center concentration versus time of optical bleaching in a 
heavily r i NaCl crystal. The bleaching light intensity 
heavily x-rayed Nati crystal. ne Dieaching light intensity 
I; =0.87X 10" quanta/ (cm? sec). 


and short x-ray irradiation times (~3 min). The results 
were qualitatively similar to those obtained for the 
heavily x-raved crystals (Fig. 11) rather than those 
for np® values in the range 10'*-10'? cm~* (Fig. 7). No 
explanation has been established for the deviation of 
th for very thick crystals from the behavior of 
th It is possible that impurities are playing 
a significant role in the concentration range under 
10'* cm. 

The work of Etzel and Maurer“ on the electrical 
conductivity of NaCl indicates that positive-ion vacan- 
cies diffuse at an appreciable rate at room temperature. 
It is possible that association of positive- and negative- 
ion vacancies may occur with the result that the 
effective capture cross section of negative-ion vacancies 
for conduction electrons does not remain constant 


results 
»] 
i. 


: ] 
e mode 


“Casler, Pringsheim, and Yuster, J. Chem. Phys. 18, 1564 
(1950 
“4 F. Seitz, Revs. Modern Phys. 26, 57 (1954) 
“H. W. Etzel and R. J. Maurer, J. Chem 
(1950). 


Phys. 18, 1003 
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during the bleaching. This possible association of posi- 
tive and negative ion vacancies was investigated by 
optically bleaching a NaCl crystal ~22 hours after 
x-raying and comparing the results with those for a 
specimen cleaved from the same crystal and x-rayed in 
the same manner but optically bleached ~1 hour after 
x-raying. The values of my® calculated for runs at the 
same value of np® were 15-30 percent lower in the former 
case than in the latter. This result indicates that during 
the course of a bleaching experiment (<3 hours dura- 
tion) effects arising from association of positive and 
negative ion vacancies are probably negligible. 

A number of experiments were performed to test the 
effect of the initial state of the crystal on the optical 
bleaching rate. A given crystal was found to give 
reproducible results if it was heated to 350°C for two 
hours between runs. Different batches of Harshaw 
NaCl crystals, when treated in the above manner, gave 
qualitatively the same results. Various batches differed 
somewhat in the largest value of nr® for which the 
behavior of the model agreed with experiment and in 
the value of my°+mnyp° which gave the best fit to the 
data for a given np°® value. 

Several experiments were carried out using lead-free 
(<0.0001% Pb) NaCl single crystals prepared by Mrs. 
E. W. Claffy at the Naval Research Laboratory and 
kindly supplied to us by Dr. H. W. Etzel. For np® values 
in the range 3.1 10'*-1.3X10"" cm~ the experimental 
results agree rather well with the behavior of the model. 
The values of ny°/np® were roughly double those ob- 
tained from the data given in Fig. 7. For mp® values in 
the range 3.5X10'*-1.7X10'* cm™ the experimental 
values of Np°/Np are significantly lower during the 
last one-third of the bleaching than the values given 
by the theoretical curves fitted to the data for the first 
two-thirds of the bleaching. This effect is shown in a 
somewhat less pronounced manner in Fig. 6. 

A cursory investigation was made of the effect of 
various heat treatments prior to x-ray irradiation on 
the optical bleaching rate of F centers. Two crystals 
cleaved from the same source were heated to 750°C 
for two hours. One crystal was cooled quickly (~2 min) 
to room temperature while the second was cooled slowly 
to room temperature over a period of ~18 hours. The 
crystals were then x-rayed and the rates of optical 
bleaching of the F band determined. The bleaching rate 
for the slowly cooled crystal was more rapid than for 
the rapidly cooled crystal. Both rates were more rapid 
than for a crystal (Fig. 7) heated to 350°C before 
x-raying and bleaching. Typical values of my°/n»p° 
calculated from the data are tabulated in Table II. 
For the crystals heated to 750°C the quantity ny°/np® 
was found to be considerably smaller in the crystal 
cooled slowly than in that cooled rapidly. The ny®/n,p® 
values for the latter case were smaller than those for 
the crystal heated to 350°C. Optical bleaching rates 
for a crystal heated to 600°C and cooled quickly before 
x-raying gave values of ny°/n»® somewhat smaller than 
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TABLE II. Effect of heat treatment on optical bleaching rates. 


Heat treatment Cooling period ne® (cm™*) nv®/npe 
2 hr at 750°C 18 hr 5.4X 10" 0.15 
2 hr at 750°C 2 min 6.6X 10"* 0.61 
4 hr at 600°C 20 min 5.9X 10** 1.3 

2 hr at 350°C 20 min 6.7X 10"* 19 


those for the crystal heated to 350°C. The crystals 
heated to 600°C and 750°C showed more rapid bleach- 
ing of the last one-third of the F band than is predicted 
by the theoretical model. It is possible that besides 
single negative-ion vacancies other imperfections which 
act as traps for conduction electrons are present in the 
crystals heated to the higher temperatures. 
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APPENDIX A 


Equations (4) and (6) may be written in terms of the 
dimensionless quantities defined in Eq. (8) as follows: 


On/dr= — Gn’, (Al) 
09 /dy= — Gn. (A2) 
This pair of equations may be written as 
On/dr= 4, (A3) 
04/dy=—4/n, (A4) 
where 
n=1/n. (AS) 


Differentiating Eq. (A3) with respect to y and making 
use of Eq. (A4), one obtains 


Iy/drdy= — 8 \nn/ Ar. (A6) 
Integrating with respect to r, 
On/ Oy = —Inn+f(y). (A7) 


Making use of the boundary condition given by Eq. 


(7a), we have for r=0, »=1 for all y so that Inn=0, 
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dn/dy=0, and finally f(y)=0. Thus 


AND: &.. Ff. 
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which is equivalent to the result stated in Eqs. (9), 
(9a), and (9b). 


n/dy= —Inn, A8) ; os ; 
. ow ©. ’ (A8) By differentiating Eq. (A13) with respect to 7 and 
which becomes “ : 
ae making use of Eq. (A3), one may show that 
e*du/dy= —u (A9) : 
if §=I|nn/In(1+7). (A14) 
u=\ny. ; : , a ; 
By using the series expansion for Ei(u) given by 
Integrating Eq. (A9) yields 
o 6? 
u ¢@ Ei(u)~y+Inu+ 
y=-f d+ g(r) A10) p=l pp: 
1 ¢ ete ; 
where y is Euler’s constant defined by 
Equation (5) may be written as 
; * exp¢g ‘dg 
u=In(1+7 (All) 7=lim dgt+ 0.577216---, 
; o- v0 # Ss 
and specifies u for y=0. Evaluating g(r) yields 
wae one can show that Eq. (A13) is consistent with the 
e 14 ts 412 boundary condition »=1 for all y at r=0. By elimi- 
7 dd+ ( ) > + ab . / fa rf . 
7 o nating 7 from Eqs. (A13) and (A14), one may verify 
or that these equations are consistent with the boundary 
Ei(u)+Eif In(1+2 Al3) condition $=1 for all r at y=0. 
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the liquid helium down to 1.3°K by means of 
The Debye @ is found to increase from 103.5 to 120 in the range 4.1 to 2°K and 


The specific heat of bismuth has been investigated it regior 






a new vacuum calorimeter 


appears to attain a constant value at lower temperatures. Evidence is obtained for an electronic contribution 





of 0.114 10™T calories 


1. INTRODUCTION 


HI specihe heat of bismuth does not seem to have 


been investigated accurately at very low tem- 


peratures.' The measurements of Keesom and van den 
Ende? appear to be the only work that has extended 
down to liquid helium temperatures. From these they 
concluded that the atomic heat obeys a T* law to a 
first approximation in the entire range covered by them 
(3 to 20°K). However, the results they obtained at 
temperatures below 4°K are not claimed to be very 
accurate. Since this happens to be the region where the 


electronic contribution to the specific heat becomes 


appreciable, it was decided to obtain fresh data with 
an improved calorimetry technique 


'! Since this work was completed, we have come across the recent 


measurements of P. H. Keesom and N (Phys. Rev. % 








897 (1954) ], with which our results show good agreement 

2 W. H. Keesom and J. N. van den Ende, Communs. Kamerlingh 
Onnes Lab. Univ. Leiden, No. 203d: Proc. Koninkl. Ned. Akad 
Wetenschap. 33, 243 (1930); Leiden Communs. 213c, Proc 
Koninkl. Ned. Akad. Wetenschap. 34, 210 (1931 


K to the atomic heat of bisn 


uth 


2. EXPERIMENTAL DETAILS 


The results described below were obtained with a 
new vacuum calorimeter® which was recently developed 
in this laboratory, capable of an accuracy better than 
3 percent in the range 4.2 to 1.3°K. In this apparatus the 
specimen is suspended inside a hermetically sealed can, 
the air in which is frozen out while cooling with liquid 
helium. The use of an exchange gas and the operation 
of high-vacuum equipment which are essential in con- 
ventional methods, are avoided by means of a mecha- 
nism which can make or break a thermal! contact of the 
specimen with the bath as necessary. The heat capacities 
are measured by thermally isolating the specimen and 
dissipating a known amount of electrical energy through 
a heating coil wound around it. The temperature rise 
this is always kept below 0.04°K 
with a carbon resistance thermometer 


is then measured 
a 4-watt 100- 
ohm resistor manufactured by Speer Resistor Corpora- 


*K.G. Ramanathan and T. M. Srinivasan, Phil. Mag. 46, 338 
1955 
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tion) calibrated against the helium vapor pressure 
temperature scale.‘ The thermal! isolation obtained in 
this method is so good that the specimen temperature 
remains steady within detectable limits (0.0001°K) for 
several minutes after the heating power is switched off. 

The performance of the calorimeter has been tested 
by measuring the specific heat of tin in the range 
4.2 to 1.5°K. The results obtainedco mpare well with 
those of Keesom and van Laer.® The observed jump 
(0.0025 calorie) in the atomic heat at the supercon- 
ducting transition point 3.71°K, also agrees well with 
the theoretical value (0.0026 calorie) calculated from 
Rutgers’ formula by using the known value of the 
gradient dH /dT in the critical magnetic field tempera- 
ture curve at the transition point. 

Two specimens of bismuth (51.56 g and 61.85 g) 
made out of a Johnson-Matthey sample of purity 99.95 
percent, were used for the measurements. They were 
cast free from strains from the molten metal in a 
cylindrical form with diametrical holes provided in the 
casting itself for embedding thermometers. 


3. RESULTS AND DISCUSSION 


Figure 1(a) shows the variation of the atomic heat of 
bismuth in the range 4.1 to 1.3°K. The points obtained 
by Keesom and van den Ende are also plotted in the 
graph for comparison. The variation of C/T* with 
temperature is shown in Fig. 1(b). It is seen that this 
quantity decreases progressively in the range 4.1 to 
2°K, below which there is a region of apparent con- 
stancy. The Debye @ increases from 103.5 at 4.1°K to 
about 120 below 2°K. The region of apparent constancy 
below 2°K (T <6/50) could be the result of a genuine T° 
variation of the lattice specific heat. 

Figure 1(c) is a plot of C/T against 7°. If we assume 
the atomic heat 2°K to be represented by 
C,=aT+6T*, then a is the intercept of the graph on 
the C/T axis and b is its gradient 


below 


Estimating these 
constants by the method of least squares from 28 
readings we get. the expression for the atomic heat 


C,=10-~( (0.114 +-0.146) 7+ (2.7140.05)T*] 


calories/ °K 
containing a small linear term in temperature. 

The Sommerfeld formula for the electronic specific 
heat per gram atom of a metal is 


C.=2'nRT/2T >, 


*D. Shoenberg and H. van Dijk, Nature 164, 51 (1949 

*W. H. Keesom and P. H. van Laer, quoted in D. Shoenberg, 
Superconductivity University Press, London, 1938), 
Pp 63. 
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Fic. 1. (a) Variation of atomic heat of bismuth in the tempera 


ture range 4.1 to 1.3°K. (b) Variation of C/7* with temperature 


(c) Plot of C/T against 7°. 


where R is the gas constant, is the effective number of 
free electrons per atom and 7% is the degeneracy tem- 
perature of these electrons. Equating this to the linear 
term in the expression for the atomic heat we get 
n/T =1.2X10-° 
van Alphen effect in bismuth, Shoenberg* has estimated 
T, to be 210°K. When we use this estimate to eliminate 


To, n turns out to be 2.5K 10. 


From measurements of the De Haas- 
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1D’ SLOCATION ed ermanium by plasti l-ohm-cm n-type to 3-ohm-cm n-type The material 
eformat | temperatures have beer remained n-type after a 3 percent deformation, changing 
to afte e elt tivity and the life from 1-ohm-cm to 15-ohm-cm. On the other hand, a 15 


ne of the 1 rr I e changes in th percent deformation converted the material to 16-ohm- 


enter ( evels 0.2 ev b Optical transmission measurements were carried out 
ere rr t from 1 to 15 microns by means of a Perkin-Elmer 

f rmed t spectrometer with LiF and NaCl prisms. Measure- 
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er to see wi furtne J ed ments were made on the original material and on the 
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€ ene 1 heated, but undeformed, control sampies as well as on 
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, e deformed samples. Typical room temperature trans 


n curves are given in Figs. 1 and 2. 


700°C. ‘7 e1or t ill lransmission measurements out to 15 microns are in 


eel fur pre ¢ iI igreement with the resistivity data. The original ma- 
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Fic. 3. Transmission of KBr and KI specimens before and after 
plastic deformation. The numbers in parentheses indicate the 
change from the initial final thickness in mm. 


strongly deformed germanium samples also exhibited 
characteristic absorption bands due to free holes? which 
further confirms the change to p-type character. 

All of the deformed samples are found to exhibit an 
extended tail and a shift 


ift in the intrinsic optical absorp- 
tion edge toward longer wavelengths which 


increased 
with the amount of deformation. TI 
to one previously observed in plastically deformed KBr 
and KI as shown in Fig. 3. At liquid nitrogen tempera- 
ture the strongly deformed samples have a high re- 


is shift is similar 


sistance and exhibit photoconductivity to approxi- 
mately 6 microns 

It has long been recognized that lattice imperfections 
affect the long wavelength edge of 
“electronic” absorption band of insu 
example,® has suggested that the long-wavelength tail 


the fundamental 
lators.4 Seitz, for 


observed in the silver halides is due to the presence of 
wh 


dislocations which cause a relaxation of the selection 
rules affecting nonvertical transitions. More recently 
Blakney and Dexter*® investigated theoretically two 
additional ’ affect 
optical properties (a) the effect of local density varia- 
tions on the energy gap and (b) the effect of defect 


tHE 


mechanisms by which dislocations 


3. Briggs and R. C. Fletcher, Phys. Rev. 87, 1130 (1952). 


* Burstein, Smith, and Davisson, Phys. Rev. 86, 615 (1952), 
and unpublished data 

‘N F Mott and R. W. Gurney. Electronic Processes in I ont 
Crystals (Oxford University Press, London, 1940), second edition; 


Seitz, Phys. Rev 
* F. Seitz, Revs. Modern Phys. 23, 328 (1951). 
*R. M. Blakney and D. L. Dexter, Phys. Rev. 96, 227 (1954); 
D. L. Dexter, paper presented at Atlantic City Photoconductivity 
Conference, November, 1954 (unpublished 


F 80. 239 (1950 
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Fic. 4. Transmission of germanium specimens converted from 
n- to p-type by neutron irradiation compared with the original 


n-type material and with an unirradiated p-type specimen of the 


same final charge carrier concentration. 


centers which introduce discrete levels in the forbidden 
band. Their calculations indicate that phonon inter- 
actions’ are more effective than dislocations in breaking 
down selection rules. In addition they point out that 
the dislocations will influence the absorption only near 
the edge and therefore cannot account for the extended 
tail. 

We may accordingly attribute the shift of the ab 
| ger 


sorption edge observed in plastically deformed 


manium to the effect of local changes in density on the 


energy gap and the tail to defect centers and their 


associated energy levels. The long-wavelength tail ob 
served in germanium seems to have a break at 2.5 
microns corresponding to an energy gap of 0.5 ev. It is 


tempting to attribute the absorption associated with 
this tail to transitions from the dislocation acceptor 
levels to the valence band. The extended tail beyond 
2.5 microns is presumably associated with other simple 
lattice at 
liquid nitrogen temperatures is probably also due to 


defects. The photoconductivity observed 
also been observed 


i 


sample 


such centers. An extended tail has 


in neutron bombarded germanium’ as shown in Fig 


by the difference in transmission between a 


converted from n-type by neutron bombardment and 


a doped p-type sample of the same final charge carrier 
concentration. This tail is attributed to a distribution 
of centers associated with simple lattice defects 


7 Hall, Bardeen, and Blatt, Phys. Rev. 95, 559 (1954 

* Unpublished data from work at Naval Research Laboratory 
in collaboration with J. H. Crawford and J. W. Cleland of Oak 
Ridge Nationa] Laboratory 

















PHY ICAI REVIEW \ M I 9 MBER 2 JULY 15, 1955 
Magnetic Transformation in MnBit 
R. R. Heres 
§ r f I ratories, East I igh, Penn nia 
I \ 7, 1955 
M i ig Za ery shar it 633°K. At the same te era t 
M Pre workers ave c € thes: pher 

is g agvnet The cates that iSe¢ 

: i°K gne a ( f er e of about 470°K 


INTRODUCTION fact that J extrapoiates to a vaiue ol 3.9cu p at O K 
REVIOUSLY MnBi had been studied principally ‘ther than 3.52u, as recorded previously.’ This 
P by Guillaud The present ve was present value agrees well with a theoretical value of 
initiated because the interpretation of the transition a 4u based on the assumptions that MnBi has a g-factor 
633°K as a ferromagnetic-antiferromagnetic change was ©! 2 (MnSb, a compound chemically and structurally 
felt to he w <f ry. (MnBi loses its ferromagnet similar to MnBi, has a measured g-factor of 1.96*) and 
ios m= 633°K. ( 1, ; oy ee it Mn is present as Mn***. 
ferr onetis re ecrease in the c-axis of the order Also sho Fig. 1 is the curve of reciprocal suscep- 
ies stim e a-axis of the order of ‘Utbillity versus temperature. It has been predicted’ that 
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se exists above 633°K. Therefore ; t that the 
All me rems f i 
, rve of 1/x extr é » 440°K cate that 
r r ‘ é 
' ? ‘ gh-temper re ise (the se eric 
( ere ¢ l r 
i r ( ) ( | 1 633°K vO be ferr ign Curie 
SOSSE6 f é enera f 140 K iT it 0 l be reta ed era 
recorded prey { ‘ — es s hypothesis a sample \M[nBi was quenched 
tion at 633 "K | } ‘ ‘ ere from 650°K. The x-1 ys we e to be mainly 
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MAGNETIC 


TaBLe I. Lattice constants of MnBi (NiAs structure). 





Room-tem perature High-temperature 


ase phase 
Present data ¢—6.118A c—5.964 A 
a—4.287 A a—4.339 A 
Guillaud’s data c—6.12A c—5.83 A 
a—4.30 A a—4.32 A 


material is transforming into the stable low-temperature 
phase. If, after heating to just below the transition 
temperature of 633°K, the MnBi is cooled, it then 
returns along the original curve of the low-temperature 
phase. It can be seen that upon extrapolation to 7,=0, 
a Curie point is found at about 470°K. Because of the 
inaccuracies involved, this second estimate of the Curie 
point of the high-temperature phase is considered to be 
in good agreement with the value derived from the 
reciprocal susceptibility curve. (The fact that the 
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Fic. 3. Saturation magnetization of quenched MnBi. 


quenched form of MnBi is ferromagnetic was first 
observed in our Laboratories by Himmel and Jack.*) 
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The heat capacities of two samples of vanadium and two of tantalum have been measured in the normal 


and superconducting phases in the temperature interval between 1.7° and 5°K. Below the transition tem 


perature 7», the superconducting heat capacity of both metals could be represented accurately by the relation 


C,=AT+BT*. Ir 
data H 


For the better vanadium sample the values of the various constants were found to be T'y>=4.89°K, A = - 
x 10°? cal/mole deg*, B = 1.69 10™ cal/mole deg’, 4 
e better tantalum sample To=4.38°K, A=—145X10~* cal/mole deg*, B 


oersteds: for tl 


cal/mole deg’ mole deg 


13.010 cal 


the normal phase the data obeyed the usual relation C,=y7+4 
vs T curves were calculated and values of Ho, the threshold field at absolute zero, were obtained 


leg’, @=231°K, and H 


(464/@)T*. From these 
1.97 
21.1% 10™ cal/mole deg’, @= 273°K, and Hy= 1340 
1.33«10" 


= 860 gauss. The measured heat capacities 


were compared with the predictions of the Koppe theory and the a model 


1, INTRODUCTION 


N experimental study of the electronic contri- 

bution to the heat capacity of metals in the 
superconducting phase is of fundamental interest in the 
theory of superconductivity. Vanadium and tantalum 
are well suited to such a study for they have a high 
zero field transition temperature, a large electronic 
heat capacity, and a relatively small lattice heat 
capacity. In addition, the heat capacities of these two 
metals are of interest in their own right for comparison 
with the results of magnetic of the 
threshold fields which destroy their superconductivity. 


measurements 


* This work was assisted by the Office of Naval Research and 
Linde Air Products Company 

t Now at Bell Telephone Laboratories, Inc., Whippany, New 
Jersey 

t Permanent address 
York, New York 

§ Permanent address: Barnard College, Columbia University, 
New York. New York. 


The City College of New York, New 


There is a great disparity in the threshold fields 
which have been reported for vanadium,'? and, prior 
to the present measurements, no calorimetric data 
existed for the purpose of comparison. The more recent 
work’ indicates that the threshold fields for this metal 
depend markedly on the amount of internal strain in 
the sample, due either to mechanical work or to the 
presence of interstitial gaseous impurities which distort 
the lattice structure. The effect of these quantities on 
the heat capacities of vanadium has been studied in 
these experiments. 

Tantalum has been the subject of two earlier heat 
capacity investigations. The first of these was carried 
out by Keesom and Désirant in 1941.’ Since their 
results did not agree with the magnetic measurements 

1 Webber, Reynolds, and McGuire, Phys. Rev. 76, 293 (1949). 


* A. Wexler and W. S. Corak, Phys. Rev. 85, 85 (1952). 
*W. H. Keesom and M. Désirant, Physica 8, 273 (1941). 
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cm Hg. Column heights were measured to 0.2 mm and 
corrected for the temperature variation of the density 
of the mercury and oil. To facilitate measurements at 
pressures above 76 cm Hg a heater at the bottom of the 
helium bath was used to warm the bath to the required 
temperature. 

All vapor pressure measurements at temperatures 
above the \ point of liquid helium were corrected for 
the hydrostatic pressure of the liquid helium above the 
level of the resistance thermometer. Since the helium 
Dewar was not transparent, the height of the helium 
bath level was determined by measuring the efflux of 
helium gas with a flowmeter attached to the exhaust 
from the mechanical pumps. The initial bath level 
was established by completely filling the Dewar with 
liquid helium at the start of the experiment. Starting 
with a full Dewar the hydrostatic pressure correction 
was equivalent to 0.004° at the normal boiling point 
and to 0.040° after pumping the bath down to a 
temperature just above the \ point. 

Each sample contained an Allen-Bradley carbon 
resistor whose resistance was measured at each vapor 











pressure determination. The conversion from vapor 
pressure to temperature and the calibration of these 
carbon resistance thermometers have been described 
in detail in a previous communication*® which called 
attention to possible errors in the 1949 “agreed” 
relation? between vapor pressure and temperature 
above 4.2°K. These errors were later confirmed by 
Berman and Swenson” but found to be of smaller 
magnitude than those reported by us. When our data, 
however, were modified by the application of the 
Kistemaker"™ corrections the results were found to be 
in good agreement with those of Berman and Swenson, 


measurements in greater detai tudy » effer as shown in Fig. 1. The data obtained with four different 


um 
hUulll 


measurements 


interval, it 


resistance thermometers, each mounted in a different 
sample, are shown in Fig. 1 as separate points. The 
points obtained with each thermometer are designated 
2 according to the tabulation which will be given later 
in Table II. 

The heat capacities were determined in the manner 
described by Brown, Zemansky, and Boorse’ from the 
equation 


of internal strai 


or to mect 


earlier pa 


of niobium 

described therein C= (ig)*RyAr/nJAT, (1) 
system of manometers 
accuracy of the measurement of os = where nm is the number of moles, J the mechanical 
: hath ¥ nsisted of a Cquivalent of heat, ty the heater current, Ry the 
heater resistance, Ar the time interva] during which 
energy was supplied to the heater, and AT the tem- 
perature difference brought about by this energy 


input. AT was obtained from the relation 


the liquid helium 
mercury manometer and 
ter each 135 cm 

Ss ales and verniers 


the range ol pres 


mercury manometer over t range fro to 135 
AR 


‘J. G. Daunt and K. Mendelssohn, Proc. B Soc. (Londor AT= 
A160, 127 (1937 dR/d7 

*K. Mendelsso! Nature 148, 316 (1941 _ 

*M. Désirant. Report of the International Conference unda * Worley, Zemansky, and Boorse, Phys. Rev. 93, 45 (1954). 
mental Particles and eo Temperatures (Physical Society, London, *H. van Dijk and D. Shoenberg, Nature 164, 151 (1949). 
1947), Vol. 2, p. 124 * R. Berman and C. A. Swenson, Phys. Rev. 95, 311 (1954). 

? Brown, Zemansky, and Boorse, Phys. Rev. 92, 52 (1953 « J. Kistemaker, Physica 12, 272 (1946). 
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where AR is the change in the resistance of the ther- 
mometer during the heating interval and dR/dT is the 
slope of the calibration equation described earlier.* In 
all of the measurements ty was chosen to make the 
energy input at least ten times the natural heat leak, 
and AR was then chosen to make Ar of the order of 10 
to 30 seconds. 

ig, Ry, and Ar were each measured to better than 
0.1 percent. Errors in these three quantities were 
unimportant compared to those introduced into the 
measurements through dR/d7 and AR. Errors in 
dR/dT were due primarily to systematic errors in 
calibrating the resistance thermometers. At worst, an 
error of 0.02° at 5°K would introduce an error of 1.5 
percent in the heat capacity at that temperature. 
Such systematic errors should not appreciably affect 
the comparison of the results obtained for different 
samples since all thermometers were calibrated in the 
same manner and the errors in calibration should be 
much the same for all. The uncertainty in reading 
AR from the heating curves was of the order of 1 
percent. The corresponding uncertainty in the curve 
of heat capacity as a function of temperature, obtained 
from a large number of heat capacity determinations, 
should be much smaller if the errors in AR were random. 
They were not completely random since personal 
judgment was required for the extrapolation of the 
fore and after periods of the heating curves. Conse- 
quently the use of the method of least squares, which 
will be described in the presentation of the results, 
must be regarded merely as a systematic method for 
handling the data. For this reason no attempt was 
made to compute precision measures for the least 
square calculations. From these 
estimated that for the purpose of intercomparison the 
results are good to better than 1 percent, while the 


considerations it is 


absolute values for the heat capacities are good to 
better than 2 For the 
tantalum these figures should be increased to 2 percent 


percent. smaller sample of 
and 3 percent, respectively, for in these measurements 
the slopes of the fore and after periods of the heating 
curves were steeper and AR could not be read with as 
great accuracy. 

The contributions to the 
sample from the resistance thermometer and from the 
the thermometer and 


heat capacity of each 


glyptal varnish used to bond 
Taste I. Properties of vanadium and tantalum samples. 


mpurities (by weight 





N f Density — 
moles g/cm No O He Fe 
V-I 3.802 6.098 0.132 0.13 0.0055 0045 O01 
V-l 2.674 6.098 0.04 0.08 0.008 0.054 . 
V-IIA 2.650 6.100 0.04 0.08 0.0005 see 
0.05 0.05 0.001 ed 
Ta-I 3.029 16.09 . see 0.03 0.03 
Ta-II 0.5545 16.65 0.03 0.03 


* Center of bar. 
» Surface layer. 
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Taste II. Characteristics of resistance thermometers. 





sunted in helium 
Sample yams watts sam pile ho hms 
V-I 2 1 36 335 
V-II 27 " 37 465" 
V-IIA 27 i 37 465° 
Ta-I 27 1 43 605 
Ta-II 7 } 35 435 

*7 ame mometer was use # both series of measurements 


heater to the sample were estimated from the data of 
Gurney” for the heat capacity of carbon and from that 
of Keesom and Pearlman" for the heat capacity of 
glyptal. These contributions were of the order of 2 
percent for the small tantalum sample and appropriate 
corrections were made. No corrections were made to 
the measured heat capacities of the other samples 


since the contributions were at most 0.6 percent and 


were very nearly equal for all samples. 


3. EXPERIMENTAL RESULTS 
A. Description of Samples 


The physical properties of the samples of vanadium 
and tantalum used in these experiments are given in 
Table I. Table II gives the characteristics of the resist- 
ance thermometers used in the various samples. 

The vanadium samples were supplied by the Union 
Carbide and Carbon Corporation. Each was forged 
under atmospheric conditions to a one-inch diameter 
bar from a two-inch square ingot at a temperature of 
1125°C 
was 750°( 


The finishing temperature for this process 

After cooling in air the surface oxide layer 
was machined away. Since the recrystallization tem 
perature for vanadium is about 750°-800°C, the samples 
presumably contain a considerable amount of stress 
cold-working. 
impurities was made by the Union Carbide and Carbon 
Research 
turnings from sample V-I was made by the Analytical 
and Laboratories of the 
Department of Chemistry of Columbia University. 
This analysis indicated that, with the exception of 
iron, metallic impurities were present in amounts of 


due to The analysis of nonmetallic 


Laboratories. A spectrographic analysis of 


Research Measurements 


0.01 percent or less. 

Preliminary heat capacity measurements were made 
on sample V-I in the condition in which it was received. 
The measurements were repegted after annealing the 
sample at a temperature of 950°C for 10 hours at a 
pressure below 10-* mm Hg. In the interim between 
the measurements the accuracy of the measurement of 
temperature was greatly improved by the installation 
of the new manometer system. Within the accuracy of 
the earlier measurements no signific ant changes were 


2k. W. Gurney, Phys. Rev. 88, 465 (1952) 
“ P. H. Keesom and N. Pearlman, Phys. Rev. 88, 398 (1952). 
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The results which are reported for this sample are those 
obtained after the heat treatment. 

A similar series of measurements were carried out 
on a vanadium sample of higher purity. This sample is 
designated in the table as V-II before annealing and as 
V-IIA after annealing. In view of the results of the 
measurements on sample V-I it was decided that this 
second sample should be annealed at a temperature 
just below the melting temperature, 1900°C." Since 
this temperature was well beyond the range of the 
available furnace, arrangements were made with the 
Materials Laboratory of the Wright Air Development 
Center at Wright-Patterson Air Force Base, Ohio, to 
carry out the heat treatment in their resistance furnace. 
In the annealing cycle the sample was heated to a 
temperature of 1800°C in thirty minutes, held at that 
temperature for one hour, and then cooled without 
quenching in twenty minutes. The pressure throughout 
the cycle was 4X10~* mm Hg. After this heat treat- 
ment the sampie consisted of poly¢ rystais with a grain 


1 to 2 mm easily visible to the unaided eye. 


' 
inally gray, the sample had acquired a yellowish 


The Materials Laboratory ascribed the change 

in color to a slight pickup of oxygen or nitrogen at the 

1 of the heating cycle when the furnace was opened 

» At the conclusion of the second 

capacity measurements the sample was 

o the Union Carbide and Carbon Research 

oratories for an analysis of gas content. Samples for 

unalysis were taken from a surface layer, after 

remove the temper color, and from 

The it f the analy sis are 

1 definite reduction 

the hydrogen content > oxygen content was 

reduced in tl urface layer, although this figure can 

probably be taken as an indication of no change. There 
was no change in the nitrogen content 

The antalum samples were pur hased from the 

Fansteel Metallurgical Corporation, the only com- 

mercial source of tantalum. Massive tantalum metal 

is prepared commercially by compacting electrolytic 

powder lerate pressures and then sintering in 

purposely left rather porous to 

is evolved during sintering 

present in the original 

bsorbed by the metal 


process preparatory to 


ng, the metal is 

ng and rolling 

cross section. 

at the proper 

Fansteel is not ble to effect the 
When the bar has been worked 

» it is annealed at 1150°C at a pressure 


Hg. In order to minimize cold-working, 


uot, and Raymer, Trans. Am. Soc. Metals 
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considerable care exercised in the machining 
necessary to prepare the samples for the heat capacity 
measurements. The initial measurements were made 
Zecause this 


was 


on the larger sample of low density. 
sample did not exhibit a sharp transition from the 
superconducting to the normal phase in the absence of 
a magnetic field, further measurements were made on 
the smaller sample with the proper density. The im- 
purities quoted in Table I do not refer to these particular 
samples but are merely typical of tantalum metal 
refined by Fansteel. No estimate of gaseous impurities 
was available. 


B. Results of the Heat-Capacity Measurements 


The experimental results for the heat capacities in 


phase for all the samples are 


the superconducting 
2 and 3 


shown in Figs. The data are presented as 


plots of ¢ - T versus T, where C, is the super onduc ting 
heat capacity in calories per mole-degree. This form of 
presentation was chosen because it was found that the 


TABLE III. Coefficients for Eq. (3) and zero 


field transition temperatures. 


{ 3 ] transition Number of 


leg? il/mole deg K points 


4.69 i 129 
4.99 
4.89 


—1.73X 10% 1.65 10° 
2.01 XK 10 1.67 X10 
1.9710 1.69 10 
1.26 10 1.29«K 10" 


~145K10" 1.3310 438 





equation 


C,=AT+BT° 


describes the experimental results remarkably well in 
the temperature range covered by the measurements. 
The coefficients of I q. | 3) were obtained from the data 
by a least squares fit to a straight line on the plot of 
CJi 
only in the y-coordinate. These coefficients are given 
in Table III, and the lines whi 
shown in the figures. The number of experimental 


points used in each least squares calculation is also 


versus 7, assuming that errors were present 


h they represent are 


tabulated. It is emphasized that Eq. (3) cannot be 


valid at much lower temperatures since the parameters 
given in the table yieid a negative heat Capac ity below 
1°K. Table III also contains a tabulation of the zero- 
field transition temperature, 7, for each sample and 
the approximate width of the transition region. In 
this tabulation, 7») is defined as that temperature at 
which the heat capacity is midway between the values 
in the normal and superconducting phases. 

The normal data for each sample are shown in Figs 
4 and 5, where C,/T is plotted against 7°. C, is the 
heat capacity in the normal phase in calories per 
mole-degree. These data were obtained in applied 


fields of 5000 gauss, although some of the results for 


CAPACITIES OF 














4. C/T versus T* for the vanadium samples 
in fields of 5000 gauss 


Ta-II at the lower temperatures were obtained in 
smaller fields. The straight line on each plot represents 
the equation 


OF yl + 1O4 © \7? (4) 


his is the Debye-Sommerfeld relation which expresses 


the heat capacity as the sum of a term linear in 7 


representing the electronic contribution and a term 


cubic in 7 representing the lattice contribution, © is the 
y and © were ob 


Debye characteristic temperature 


tained from the data by a least squares fit to a straight 








po See 


Fic. 5. C/T versus T? for the tantalum samples in fields of 
5000 gauss. Below 7710 some of the data for sample Ta-U 
were obtained in smaller fields 
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line on the plot of C,/T versus T?, again assuming coefficient is not zero the transition will be spread over 











that errors were present only in the y-coordinate. a finite temperature interval. In this temperature 
The range in 7? over which the data was fitted to a_ interval the sample is in a mixed phase, partially 
straight line was limited to that region in which the normal and partially superconducting, called the 
data was reasonably linear. The values of y and © for intermediate state. As the sample passes through the 
each sample are given in Table IV. The interval in 7* intermediate state its heat capacity will rise above that 
used in fitting Eq. (5) to the data and the number of _ in the superconducting phase, pass through a maximum, 
points used in the least-squares calculations are also and descend to the value appropriate to the normal . 
tabulated. For sample V-I and for the tantalum s es phase. If the magnetic field is increased and the process 
these values of y and © supercede those which were repeated, the position of the maximum will be shifted to 
reported earlier The earlier values for tantalum lower temperatures. Because the samples used in 
were based on the 1949 temperature scale without the these experiments had a demagnetizing coefficient ‘ 
Kistemaker corrections greater than 4, and because the applied magnetic 
At the lower temperatures, the norma! heat capacities _ field was not homogeneous over the region occupied by 
of all the samples exceeded the values given by Eq. (4 the sample, the intermediate state would be spread 
This behavior suggests that the applied magnetic field over a wide range in temperature if the magnetic field 
was not large enough to destroy completely super- were not sufficient to destroy completely super- 
cond 1 t f S undergo ig the co duct vily 
trar m fro he superco g to the norma To determine if the intermediate state were present 
phase as emperature reased ¢ quence in these samples at the largest field strengths employed, 
f heat cay ete tions. When the transition a series of measurements of the heat capacities of three 
y, Oo takes e in a he samples were made at lower field strengths. The 
t é ed. If the super Its for samples V-IJA and Ta-I are shown in 
tor has a zero demagnet g coefficient and if Figs. 6 and 7 as plots of C/T versus T*. The preceding 
the magne for e transition will discussion of the behavior of C as a function of T 
lake pilact tesimal te erature interval and applies equally well to C/T as a function of 7?. In 
the appar be infinitely large. Fig. 7, it may be seen that the curve for Ta-I in a 
| If the fi g f the demagnetizing _ field of 500 gauss behaves in the manner just described. 
/ Although the complete curve for the heat capacity in 
——— ao the intermediate state was not traced out for each of 
[ the magnetic fields that was used, it is possible to 
4 - . ° . 
. estimate the position of the maximum in the curve 
x : a : ; 
a wv from the measurement of a small portion of the curve. 
al . ; . ® . 
# : The results for V-ILA show that the maximum was 
| . tee , l } ~ 
Ee. shifted to lower temperatures as the applied field was 
> *. : increased, for all values of the field. This confirms that 
} > , : , . 
i fr *M.4, ara the intermediate state was present in the vanadium 
i sample at the lower temperatures for all field strengths 
} and that at the lowest temperature superconductivity 
was never completely destroyed. A similar behavior has 
' > ra been observed by Goldman"? who has made magnetic . 
f . , . . 
! i measurements at low temperatures and high field 
i Fa ca strengths on the samples of vanadium used by Wexler 
-— f und Corak.? He found evidences of superconductivity ’ 
é , ; in fields as large as 6000 gauss at 2°K. These results 
} “ a? 
ff - , 
fi Tase IV. Electronic constants and Debye temperatures. 
Lal Range in 7? Number of 
le deg? K K? points 
V-I 21.5X10~ 308 12.5-25 32 
V-II 21.4 10~ 27 12.5-25 18 
V-IIA 21.1 10~ 273 12.5-25 49 
Ta-I 13.6X 10™ 237 9 -25 65 
Ta-Il 13.0x 10 231 11 -25 32 
I f ersus T* for san V-IIA . 
ntermediate state 7 - 783 + wa ‘ 
17 J. E. Goldman, remarks at Third International Conference on 
J. Eisenstein, Revs. Modern Phys. 26, 277 (1954 Low Temperature Physics and Chemistry (Rice Institute, 
%* Worley, Zemansk und Boorse, Phys. Rev. 93, 1567 (1953 Houston, 1953 
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show that a magnetic field larger than the one « urrently 
available is necessary if the heat capacity measure- 
ments in the normal phase on the vanadium samples 
used in these experiments are to be extended below 3°K. 

The results of the measurements on the two tantalum 
samples are not as readily interpreted in terms of the 
intermediate state. For sample Ta-I in fields lower than 
3000 gauss the maximum in the heat capacity was 
indeed shifted to lower temperatures as the field was 
increased. In larger fields, however, the maximum was 
no longer shifted and the heat capacity was independent 
of the magnetic field. For Ta-IT no systematic variation 
with field strength was observed in the heat capacity 
in fields of 1200, 2800, and 5000 gauss the 
precision of the measurements. The results of all the 
measurements made on this sample at different field 
strengths have been plotted in Fig. 5. Although the 
results for both samples show no variation with field 


within 


strength for sufficiently large fields, nevertheless the 
heat capacities at the lowest temperatures are larger 
by about 20 percent than the values given by Eq. (4) 
using the constants from Table IV 


4. DISCUSSION 
A. Calculation of the H; versus T Curve 


The heat capacities in the normal and superconduct 
ing phases are related to the threshold field Hr by the 
equation 

VT d dHy 
C.—C, —| Hr 5) 
4 dT dT 


V is the molar volume. If Eqs. (3) and (4) are used for 
C, and C,, then Hr can be obtained as a function of 





temperature in a straight forward manner by dividing 
Eq. (5) by T and integrating twice with respect to the 
temperature from 7; to T 
temperature attained in the calorimetric measurements. 


where 7; is the lowest 


The constants of integration are evaluated by putting 
T=T> after fields 
which are obtained for samples V-II and Ta-II are 
given by 


each integration. The threshold 


V-IIl: Hr=10{17 680+ 10777 — 26217? 
+351.577—2.387%}', 1.7°<T<4.99°K; (6) 

Ta-Il: Hr=10{6997+- 366.87 — 1327T° 
+214.07%*—3.057%}§,  1.7°<T <4.38°K. (7) 

V-II was chosen for this calculation because its transi- 


tion temperature, purity, and mechanical] state most 
nearly resembled those of the vanadium sample for 
which an Hr versus T curve was obtained by Wexler 
and Corak*; Ta-II was chosen because it exhibited a 
much sharper zero field transition than Ta-I. The 
results for both metals are plotted as Hr versus T? in 
Fig. 8. This type of plot was used since it shows most 
clearly the departures from the parabolic 
Hr=H,(1—T?/7 
the threshold fields of superconductors. The points 
the 


relation 
which is often used to represent 


measurements on vanadium 
ts of Wexler and Corak for their sample B. 
tantalum are the smoothed values of Daunt 


representing magnet 
are the resul 
Those for 
and Mendelssohn‘ corrected to the 1949 temperature 
scale by Shoenberg."* 

The value of the threshold field at absolute zero, 


Ho, 


ind the slope of the threshold field curve at 7» are 


%T). Shoenberg, 
Press, London 1952 


Supercond uctivity 
» pp. 224-227 


(Cambridge University 
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also of interest since these quantities, together with 
To, are customarily used to report the results of mag- 
netic measurements on superconductors. They are 
easily obtained from Eq. (5). To solve for Ho the 
equation is integrated with respect to the temperature 
from 0°K to 7», right-hand member 
by parts: 


To 
f (C,—C,)d7 


integrating the 


Vy, dr}? T dH", 
THr : if ar| 
4x | d7  - 


The first term on the right-hand side vanishes at both 
limits, so that 


’ VH 
f C_,—¢ dl ; (3) 
Or 


To apply this equation to the experimental data 


( 
exact nature of the extrapolation of C, is not critical 


, and C, must be extrapolated to absolute zero. The 
since the area under this portion of the curve is only a 
small fraction of the total area. Equation (4) is assumed 
to be correct for C, over the entire temperature interval. 
dHr/dT)r=r¢ follows directly from Eq. (5) when the 
indicated differentiation is performed. Since Hr is 


zero when T= To, Eq. (5) reduces to Rutgers’ equation, 


V7 dHr)? 
, ; (Y) 
4n | d7 ls qT 


The results for the three vanadium samples and the 
small sample of tantalum are assembled in Table V. 
Included for comparison are the values for sample B of 
Wexler and the values for tantalum of 


Corak and 
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Daunt and Mendelssohn as corrected by Shoenberg. 
A complete summary of the work on tantalum prior 
to 1947 has been given by Webber."* Much of this has 
been done by measuring the resistance of the sample 
to detect the onset of superconductivity. While resist- 
ance measurements can be of value when comparing 
the effects of purity and annealing on the behavior 
of tantalum, the magnetic measurements of Daunt and 
Mendelssohn are presumed to represent more closely 
the equilibrium values of the threshold fields. Work on 
vanadium has not been as extensive. Since its super- 
conductivity was discovered by Meissner and Wester- 
hoff in 1935,” the only other work has been that of 
Webber, Reynolds, and McGuire.'! They found very 
broad transitions and very large critical fields, of the 
order of 10 000 gauss at 2°K, for two samples. Their 
measurements of the threshold field curve were not as 
detailed as those of Wexler and Corak. 


TaBLe V. Magnetic properties of superconducting 
vanadium and tantalum. 








Ts H dH/aT)7 =T, 
Sample K gauss gauss/deg 
Vanadium 
V-I 4.69 1260 —471 
V-II 4.99 1360 —477 
V-IIA 4.89 1340 —482 
Wexler and 
Corak* 5.13 1190 —436 
Tantalum 
Ta-Il 4.38 860 — 334 
Daunt and 
Mendelssohn” * 44 975 —310 


* Reference 2. 
> Reference 4 


* Values corrected to 1949 temperature scale by Shoenberg, reference 18 
B. Effects of Purity and Annealing on the Heat 
Capacity of Vanadium 


Vanadium is typical of the so-called hard super- 
conductors whose properties depend strongly on the 
chemical and physical state of the metal. As a rule 
the hard metals have very high melting points so that 
it is difficult to prepare samples of high purity, and 
once prepared it is difficult to anneal them without 
contamination. Presumably the distinction between 
hard and soft superconductors would vanish if each 
could be obtained in an ideal state, i.e., a single crystal. 
The present investigation of the effects of purity and 
mechanical state on the heat capacity of vanadium 
was launched in an effort to ascertain if the differences 
in properties from sample to sample observed in 
magnetic measurements would be reflected in the heat 
capacity, and if they were, to obtain data for a sample 
which most nearly approximated the ideal case for 
the purpose of comparison with theory. 


®R. T. Webber, Phys. Rev. 72, 1241 (1947). 
» W. Meissner and H. Westerhoff, Z. Physik 87, 206 (1934). 
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The results of the measurements show that C,, C,, 
and T> are all sensitive to the state of the sample. The 
closest correlation between these results and those of 
magnetic measurements arises in the behavior of JT» 
as a function of purity. Wexler and Corak observed 
that the zero field transition temperature of vanadium 
was markedly dependent on the amount of nitrogen 
and oxygen present in the sample; in small concen- 
trations these strain the lattice by entering the struc- 
ture interstitially. The correlation between transition 
temperature and purity is shown in Table VI. Since the 
measurements do not distinguish between the effects of 
nitrogen and oxygen impurities, the sum of these 
impurities has been tabulated in the last column as an 
aid in making the correlation. Wexler and Corak did 
not report a threshold field curve for all of their samples, 
so that in the preparation of this table the transition 
temperature for samples D and E obtained 
directly from their B versus H curves; the spread in 
temperature given in the table represents the interval 
which bracketed 7) in the actual measurements and 
does not relate to the actual width of the transition. 
These authors reported the same transition temperature 
for their samples A, B, and C. Since the purities of 
these samples did not differ appreciably, only sample B 
is included in the table. The transition temperature 
of sample D probably lies near the lower limit given in 
the table. Since the sample was melted in its prepara- 
tion it is not surprising that its transition temperature 
lies below that of sample V-I in view of the effect of 
annealing on the transition temperature of vanadium 


were 


which was observed in the present measurements. 
The depression of the zero field transition temperature 
of sample V-IT following the removal of mechanical 
strains by annealing was unexpected. Many inde- 
pendent investigators have found just the opposite 
effect for the hard superconductors niobium™ and 
tantalum... Since all three metals are found in the 
same column in the periodic table and all have very 
similar superconducting and physical properties, one 
might expect their transition temperatures to respond 
in a similar way to the amount of cold work present. 
It must be noted, however, that with the exception of 
niobium and tantalum, the reduction of 7» with the 
removal of cold work is typical of most superconductors; 
it has been observed for zirconium™ and thorium™ 
among the hard and for tin,” 
thallium,”* indium,”**’ and mercury” among the soft. 
Changes in the amount of impurity and the amount 


superconductors, 


aL.C Jackson, Proceedings 
Low Temperature Physics (Oxford, 
® Silsbee, Scott, and 
Standards 18, 295 (1937 
% Ziegler, Brucksch, and Hickman, Phys. Rev. 62, 354 (1942). 
*%T.S. Smith and J. G. Daunt, Phys. Rev. 88, 1172 (1952 
% D. Shoenberg, Proc. Cambridge Phil. Soc. 36, 84 (1940 
* W. 1. Khotkevitch and V. R. Golik, J. Exptl. Theoret. Phys. 
(U.S.S.R.) 20, 427 (1950 
37 E. Maxwell and O. S. Lutes, Phys. Rev. 95, 333 (1954). 


of the International Conference on 
1951), p. 16 


Brickwedde, J. Research Natl. Bur 
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Taste VI. The effect of oxygen and nitrogen impurities on the 
zero field transition temperature of vanadium. 


1 “> impurities (by weight) 
Sample K) Or Ne Oe+Ne 

Wexler and Corak* 

Sample B 5.13 0.038 0.021 0,059 
j 4.99 0.08 0.04 0.12 
V-IIA 4.89 0.08 0.04 0.12 
Wexler and Corak* 4.60 0.075 0.106 0.181 

Sample D 4.70 
S| 4.69 0.13 0.132 0.262 
Wexler and Corak* 4.11- 0.15 0.189 0.339 

Sample E 4.19 


® Reference 


of cold work present in the vanadium samples produced 
small but measurable changes in the superconducting 
heat capacity, while only changes in the amount of 
impurity affected the normal heat capacity. In the 
normal phase, within the accuracy of the measure- 
ments, there was no change in the electronic 
capacity. The small differences in 


heat 
among the three 
samples are not deemed significant in view of the 
rather long extrapolation necessitated by the presence 
of the intermediate state at lower temperatures. The 
change in the Debye © with purity is in the direction 
to be expected from simple Debye theory. Although 
no measurements of the elastic constants of vanadium 
are available, it is known that 
metal increases with increasing oxygen and nitrogen 
content.”* Since the Debye © is proportional to the 
velocity of sound, it will be larger for the sample in 
which the velocity is greater, that is the harder, and 
more impure sample. The behavior of the Debye © 
indicates that the impurities in vanadium are the 
primary cause of internal strains. Thus it is not sur 
prising that the intermediate state persisted in very 
high fields in the annealed vanadium sample, since 
this behavior is typical of severly strained super- 
conductors.” The insensitivity of © to the large change 
in hydrogen impurity which resulted from the high 
vacuum anneal is an indication that small amounts of 
hydrogen do the 
structure, 


the hardness of the 


not appreciably distort lattice 


C. Intermediate State Measurements on Tantalum 


The calculations described earlier yielded values for 
the threshold fields several times smaller than those 
actually applied to the samples during the heat capacity 
measurements, Yet the results for samples V-IIA and 
Ta-I show that the application of fields larger than 
the threshold values will not guarantee the destruction 
of superconductivity. For sample Ta-I, a more realistic 
estimate of the fields necessary to destroy super- 
conductivity completely can be made by utilizing the 
results of the measurements in a field of 500 gauss. 

%S. Beatty, J. Metals 4, Trans., 987 (1952). 


™ B. G. Lasarew and A. A. Galkin, J. Phys. (U.S.S.R.) 8, 371 
(1944). 
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Taste VII. Calorimetric properties of normal and super-conducting tantalum 


( al ) e ( 
>ar r 4 w 
Ta-I 13.6 10~* 237 int 
Ta-I 13.0“10°* 231 1 
Keesom and 
Désirant* 14.110" 246 = 
Mendelssohn' 
and Désirant* 
Chou and 
White 13.610 250 1 
* Ref 
Ketere ev 
The disappear nce ol! perconductivity ' this field 
t 3.6°K determined a point on the H-T curve. Using 
é re ‘ H H (1 T 7 nd taking 7 equal 


er these arameter ire ( tent wit the 
obse that supercor vity persisted in a 
field of 1400 gauss at 2°K while it was destroyed in a 
field 26000 gauss at 1.7°K. 7 H-T curve is strong 
evice ¢ t the presence of the intermediate state 
in the nples in fields of 5000 gauss. If the 
behay not due to the presence of the 
le eciat tate, sample l'a~II comes closer to being 
in icle e, for 1200 gauss was sufficient to destroy 
per ity at 1.7°K and even smaller fields 
may nave ee dec te 


D. Comparison with Other Heat Capacity 


Measurements 


In vie of the anomalous behavior of Ge for both 
tantalum samp it IS particularily instructive to 
ompare these results with those of other measurements 
ot the eat pacitv of tantalum. Since the inception 
of the present experiments the results ol Chou and 
White” for a sample of tant nealed in hig 
vacuur 400°C have be ( bie 1 rddit } 
to those of the references ited in the introductior 
Ihe results for a samples ire assembled in Table VII. 
y and © for C, are those quoted by the original authors 


{ and B 


Keesom a! 


replotting 


for C, were obtained from the results of 
1 Désirant® and of Chou and White by 


their data as C,/T versus T and drawing a 


ne through the points. The agreement for 


gh the | 
the sample of Chou and White is striking, 


ae yer on #i coll ane 
he fit of their data to the straight line at 





althoug g 
temperatures near 7» is not as good as at lower tem- 
peratures. The purity of each sample has been tabu 
ted, but the absence of an analysis of gaseous 
®C. Ch a D | Calorimetry Con 
fer e, Chicag Se publ The authors are 
ebt to Dr. Chou and Dr. White for making their results 
available prior to publication 





A B 
al ) (- cal ) Ts Purity 
© deg? mole deg? K %) 


26x 1074 1.29% 107 . 
451078 133x107 436-441 99 9+ 


14x10 1.22«K10% 3.96-4.16 99.95 
4.36-4.40 99.9* 


45x10" 1.33«k10°% 4.3% 








impurities it is not particularly significant. No infor- 
mation was given on the mechanical] state of the samples 
of Keesom and Désirant and of Mendelssohn and 
Désirant ; presumably they were unannealed. 

At very low temperatures and in large magnetic 
fields, a rise in C,/T was not observed for any of the 
other samples. Keesom and Désirant carried out their 
measurements in a field of 3000 gauss. The scatter of 
their data did not preclude such a behavior, but if 





present, it was of smaller magnitude than that observed 
for Ta-I and for Ta-II. The critical fields necessary to 
destroy superconductivity in their sample were very 
similar to those for Ta-I; measurements of the heat 


capacity in fields of 450 and 700 gauss showed that 
superconductivity was destroyed at 3.79° and 3.55°K 
respectively. Chou and White measured C, in a field 
of 2000 gauss. They did not find a rise in C,/T but they 
made only 6 determinations of the heat capacity below 
3°K. 7 hey also observed the disappearance of super- 
conductivity in smaller magnetic fields and found good 
agreement with those calculated from the calorimetric 
measurements 

In discussing the behavior of C, for these samples 
it is instructive to review the results obtained by 
Webber for the effects of annealing and gaseous im- 
purities on the superconducting properties of tantalum.” 
Making resistance measurements on tantalum wires 
near 7», Webber observed that an anneal by the 
supplier, the Fansteel Metallurgical ( orporation, at 
1000°C was ineffectual. He was able, however, to 


raise the transition temperature from 4.16° to 4.30°K 


by additional annealing at 2400°C and to reduce 
dH/dT)r=ro fron 1200 to —600 gauss per degree. 
Measurements on another sample, which was annealed 
at 2400°C and then contaminated by heating to 1200°C 
and exposing to air at 10-* mm Hg, yielded values of 
$.32°K and 600 gauss per degree for JT) and 


r 
dH/dT)r=ro. The sample had absorbed an estimated 
9 volumes of oxygen. Webber concluded that the state 
of anneal was the predominant factor influencing the 


superconducting properties of tantalum. Bearing in 


mind that Chou and White found agreement between 
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the threshold fields calculated from their calorimetric 
data and those which destroyed the superconductivity of 
their sample, one would surmise that their sample was 
the best of those which have been studied and that the 
rise in C,/T at low temperatures is not typical of an 
ideal sample of tantalum. Indeed, Eq. (4) has proven 
adequate to describe the heat capacities of most 
metals, including superconducting metals in the normal 
phase, which have been studied in the helium tempera- 
ture region. For this reason the departure of C, from 
Eq. (4) has been neglected in the calculations of the 
threshold fields for Ta—II. If it were not neglected the 
derived H-T curve would be slightly depressed at 
lower temperatures. 

Corak, Goodman, Satterthwaite, and Wexler" have 
recently reported the results of heat capacity measure- 
ments on a sample of vanadium in the superconducting 
phase over the temperature range from 1.2°K to its 
transition temperature at 5.05°K. They compared 
their results with those of the present measurements 
and found good agreement in the temperature interval 
common to both measurements. A more detailed 
comparison will not be attempted here. They fitted 
their data to an exponential dependence on temperature 
which represents their results to 5 percent or better 
from 1.2° to 4.5°K. Above this temperature range the 
fit is not as good. 


E. The Two-Fluid Model of Superconductivity 


These experimental results will be compared with 
two theoretical calculations, each of which has been 
carried out within the framework of the two-fluid 
model of superconductivity. This model was proposed 
by Gorter and Casimir® in 1934 to describe the second 
order phase transition in zero field and the temperature 
dependence of the threshold field and the heat capacity. 
The superconducting phase is envisaged as a mixture 
of two electronic fluids, the superconducting fluid 
which carries no entropy and the normal fluid which 
carries the entropy 

S,=K(w)yT. (10) 
As the temperature is lowered below 7» the electrons 
are presumed to condense from the normal into the 
superconducting fluid. w is the degree of condensation ; 
it varies from 1 at 0°K to 0 at JT». K(w) measures the 
effect of the condensation on the normal fluid; it is 
proportional to the effective number of normal electrons 
and varies from 0 at 0°K to 1 at 7». At and above 7», 
S, is just y7, the electronic entropy given by the free 
electron theory of metals. Gorter and Casimir assumed 
that K (w)= (1—w)*, and, by assigning to a the constant 
value 4, they obtained the parabolic threshold field 
curve and the heat capacity in the superconducting 


™ Corak, Goodman, Satterthwaite, and Wexler, Phys. Rev. %6, 
1442 (1954). 
=. J. Gorter and H. B. G. Casimir, Physik. Z. 35, 963 (1934). 
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phase proportional to 7*, in substantial agreement with 
the experimental data available at that time. 

Recent precise measurements of the critical fields of 
a number of superconductors incident to the investi- 
gation of the isotope effect?’* have confirmed that 
the parabolic relation is not an accurate representation 
of the threshold field curve for most superconductors. 
Prompted by the results of these measurements, 
Marcus and Maxwell® re-examined the assumptions 
on which the two fluid model is based. They have 
shown that a much better description of the experi- 
mental results can be obtained if the parameter a in 
the form of K(w) chosen by Gorter and Casimir is not 
fixed at 4 but is allowed to vary from one metal to 
another. This form for K(w) is called the a model. 
Values of a ranging from 0.38 to 0.55 have been found 
among the superconductors investigated.2’? Further- 
more, if K (w) is taken to be independent of the isotopic 
mass then the two fluid model also exhibits the experi- 
mentally observed property that the threshold field 
curve for each superconductor is independent of the 
isotopic mass when it is expressed in terms of the 
reduced field h=H/Ho and the reduced temperature 
t=T/To. Expressing the heat capacity in reduced 
terms, the a-model gives the following expression for 
the electronic heat capacity in the superconducting 
phase: 


c/t=C,"/yT= (1+a)/(1—a)t, (11) 


C,"' is the electronic contribution to the heat capacity 
in the superconducting phase, and y7 is the normal 
electronic heat capacity. 

In 1947, Koppe*® calculated K(w) by making an 
explicit assumption for the effect of the onset of super- 
conductivity on the distribution in energy of the free 
electrons in the normal phase. Prompted by the Heisen- 
berg theory of superconductivity®” he assumed that a 
fraction w of all momentum states with energies above 
€o, the Fermi energy at absolute zero, are not available 
to the normal electrons after the condensation has 
begun. K(w) is obtained by modifying the distribution 
in energy by the factor (1—w) for energies above ¢o 
and evaluating the integrals for the total number of 
electrons the total energy by the method of 
Sommerfeld and Bethe.** The result is an expression 
which cannot be given in simple form. Representative 
values for the electronic heat capacity given by this 
function have been tabulated by Brown, Zemansky, 
and Boorse.’ 

Since these calculations are concerned only with 
the electronic heat capacity, the lattice heat capacity 
must be subtracted from the measured values. This 


* Serin, Reynolds, and Lohman, Phys. Rev. 86, 162 (1952). 

“ E. Maxwell, Phys. Rev. 86, 235 (1952). 

*P. M. Marcus and E. Maxwell, Phys. Rev. 91, 1035 (1953) 

* H. Koppe, Ann. Physik 1, 405 (1947) 

" W. Heisenberg, Z. Naturforsch. 2a, 185 (1947) 

* A. Sommerfeld and H. Bethe, Handbuch der Physik (Verlag 
Julius Springer, Berlin, 1933), Vol. 24, Part 2. 


and 
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‘(Simic eae 7 {=().23. These data cross the Koppe curve at /=0.3 
1 lie slightly below it at lower ¢. This behavior is 
t observed for niobium,’ although the 


} 
} 
; Ay departure from the Koppe curve is somewhat greater 














to tha 
in this case. Although the results for tantalum and 
| vanadium are in close agreement, those obtained for 
AY), | niobium indicate that the heat capacity when expressed 
f in reduced form is not a universal function and that ; - 
the primary defect of Koppe’s calculation is that it 
C 7 predicts the same reduced heat capacity, as well as 
t 7 \ £4 the same reduced threshold field curve, for all super- 
| / ; conductors. The a@ model does possess the added P 
/ flexibility of an adjustable parameter, however the 
“4 ith the calorimetri data for tantalum 
/f ind 1 is not as good as for the Koppe model 
y/ The gnetic measurements agree with the calori- 
fy metric measurements in so far as they show that the 
reduced threshold field curve is not a universal function 
} for all superconductors. Consequently the a-model 
ae a ER ee es with its adjustable parameter does give a somewhat 
A better dest npuon of many ot tne experimental results 
than does the Koppe calculation. There is evidence to 
i. >. 3 . rican” egg gars show that both models represent a considerable im- 
The kK ‘ i x r=0.46 provement over the simpie cubic heat apacity and 
we 8 ne the paraboli threshold field curve, but the models 
must be refined if there is to be igreement in detail 
e f med t the lattice ntributior with the experimental results 
S tte é i é — eT t 
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Low-field magnetic resonance has been investigated for linearly and circularly polarized radio-frequency 
radiation for both the saturated and unsaturated case using modified Bloch equations for both. For the 
circularly polarized case, a quantum-mechanical solution is presented. Experimental verification for the 


linearly polarized case has been obtained. 


INTRODUCTION 


N previous papers':? we have investigated low-field 

magnetic resonance for linearly polarized radio- 
frequency radiation using power sufficiently weak not 
to cause saturation. We now consider what happens 
when the rf source is intense. To do this, we use modified 
Block equations,’ allowing the relaxation to occur along 
and at right angles to the instantaneous external mag- 
netic field. This method is applied to both the linearly 
and circularly polarized cases. In the latter case a 
quantum mechanical solution is also presented. 


LINEARLY POLARIZED CASE 


If the Bloch equations‘ are modified* so that longi- 
tudinal relaxation takes place along the field which is 
the resultant of the steady state field Ho and the 
instantaneous radio-frequency field, and the lateral 
relaxation at right angles to it, we obtain the following 
equations of motion: 


M,= yM,H VM .—xoll; coswt)/r, (la) 
M,=7M.A, coswt—yM,Ho—M,/r, (1b) 
M,= y¥M,H, coswt—(M,— Hoxo)/r, (1c) 


where y is the gyromagnetic ratio, M,, M,, M, the x, y, 
and z components of the magnetization, H, coswt the 
oscillating magnetic field in the x direction, 7 the re- 
laxation time, and w the rf frequency. At low fields and 
for strong interactions, a single parameter 7 char- 
acterizes both longitudinal and lateral relaxation times. 
We seek the steady-state solutions of Eqs. (1) under 
the assumption that M, is time-independent, where 
M, is the average value of M, over one cycle of the rf 
field. Let 
M ,= A, coswi+ B, sinwt, 


M, = A: COSwi+ B, sinw/. 
From the above assumptions, substituting (2) in (1c) 
and averaging over one cycle, we get 

O=- ky HAs (M,— Hox T. 


Therefore, 


M = Hoxo— yA A>. (3) 


1M. A. Garstens 
? Garstens 


, Phys. Rev. 93, 1228 (1954 

Singer, and Ryan, Phys. Rev. 96, 53 (1954) 
? Codrington, Olds, and Torrey, Phys. Rev. 95, 607 (1954 
‘F. Bloch, Phys. Rev. 20, 460 (1946) 





Substituting (2) and (3) back into (1), we obtain 


woA; + (44 HY r?+ 1 T) ly T wB, V¥H HH oxo, 


where wo= yo. 
The absorption x” corresponds to the out-of-phase 


component B, of M, in (2). From Eq. (4), therefore, 


By 


(1+-w*r" 


rae oe 
(1+-w*r?-+- wo*r*) + 97 


Figure 1 is a plot of x” 
of the saturation 


against wor for varying values 
1 


> 


y°H?r*. For small values of 
this parameter compared to 1+-w*r?+-wo'r* 


term 
(no satura 
tion), x’’ reduces to the well-known formula previously 


derived’: 


(6) 


This appears in Fig. 1 as the upper curve marked 
As the rf power increases, we obtain the 
successive lower curves indicated, until at a point of 
total saturation (very large H,) x” 
limiting curve, 


unsaturated 
approaches the 


” 


Xx =X WwT (1-4+-w*r?+- wy" tr"), (Sb) 


indicated as 100 percent saturated in the figure. It is 
of interest to note that all of the curves terminate at 











Fic. 1. Absorption in a coil oriented along the x axis 
for varying rf intensities 
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LOW-FIELD 


M, can be obtained from Eq. (3). Thus 


a w= 


L1+(wo—w)?r 


Of interest is the fact that M, can have negative values 


for certain values of magnetic field, frequency and re- 
laxation time. 


CIRCULARLY POLARIZED CASE 


The circularly polarized case has been solved by two 


methods, one in a manner similar to the previous case, 
the other, quantum mechanically. 
(a) Classical Solution 


If the equations of motion are modified to describe 
a circularly polarized rf, we obtain 


M.=7(M,Hot+M.H; sinwt |— (M,- 
M,= [M,H, coswt—M.H (M,+xoH sinwt)/7, 
M,=7(—M.A, sinwt— M,H, coswt }|— (M.—x0H»)/r. 


xol7; coswt)/r 


The average value of M, for the steady-state solu- 


tion now becomes M,= Hoy Sy7H,(B,+ Az), and 
B, x MoT 
x 
Hy, 14+ (wo—w)*?’?+77A Yr 
1; 1+w(wo—w)7?+y°H?7 
x’ x 


also 


= YH fwr? 
M, x(a 
1+ 2-21 a2 


As in the linearly polarized case, we note that M, 
can take on negative values at low fields. 


b) Quantum-Mechanical Solution 
In this method the spin resonance equations for the 
circularly polarized « 
assumptions: 


ase are solved under the following 


(a) The system can be described by one relaxation 
time r. 

(b) That immediately after a collision the spin will 
achieve equilibrium 
at the time of the collision 

(c) That field is mor 


constant value over the sample (i.e., no skin effects 


with the resultant magnetic field 


the rf ochromatic and of a 

The solution of the time dependent Schrédinger 
equation for a spin 4 particle acted on by a magneti 
field H whose components are H, coswt, —H sinwt, 
and Ho, has been solved by Archibald* in a simple 
form. He finds that the ratio of the components of the 
spin wave function (¢* 


) 1S given as 


a,/a_= fe', 


(12) 


* J. Archibald, Am. J. Phys. 20, 368 (1952). 


MAGNETIC 


IL 1+ (wot+w)?r? J+ 442A 2r?( 1+ wo? 7? + wy?) 
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Yt wort 


(11) 


where 
f= — (1/w,){a—iA tan[ (t—%)A/2+5}}, 


a=w—wo, w= yH;, A?=a*+w/?, and 6 is an integration 
constant. By using this solution of the wave function, 
the expectation value of the three Pauli spin vectors is 
found to be , 


€ int (#4 eiwt f 


(¢;)=-—— —_—-— 
1+/f* 
[—e-@Y*-+e"H] 
oy) =1 13) 
1+ ff* 
f*f-1 
1+ff* 


The value for the integration constant } is chosen so 
that just after a collision at time é the components of 
the spin vector will be equal to the direction of the 


magnetic field at the time fy. Thus we find that 








t=to= H, coswlo/ (H+ He*)!, (14a) 
Ty t= to HH; sinwlo/(H2+-H?)!, (14b) 
7, \t=to= Ho/(HY+He)t=z. (14c) 
r Fi 
" i 
X 
- r 
Fic. 3. Absorption in a coil oriented along the y axis 
for varying rf intensities. 
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The requirement that f must be real is satisfied by 
setting tanA = @ ; then the real part becomes 
f=(1/w,;)[ —a—A cothB (17) 
From Eqs. (15) and (17), the value of B is found to be 


cothB=—(1/A [wd te |, (18) 


Al] that remains to be done is to average (@) over all 


ollision times #) by the prescription 


ait o(t—to) dlo, 19) 


wi is just the sum of contributions from all collision 


imes fo weighted by an exponential law of decay. The 


final result for the x component is that 
) - A? 
J COS! ¢ +sinh*B 





A A | 
H +A(sinhB coshB) |—sinwt +, (20) 
’ A? | 


— 
; 
| 


wt od 
(a) where me 
g=A?(2 sinh*B+1)+2aA(sinhB coshB). (21) 
Substituting for coshB and sinhB from Eq. (18) and 


recalling that the difference between the number of 


spin up and spin down states was assumed to be pro- 


xo0(H"+ H,*), 


according to assumption (b), we have for the x com- 


magnetization 





VU, xoH yw} Coswt 


1+7°A* w 
-<-+ > + 
Ho od ; 
— sinwl ~ ee 
1+ 77d? 
I 5 Observed abs s. These . - : 
I 3 +. Wit sit Identifying the in-phase component as the dispersion 
rey 7 - . seer ind the out-of-phase omponent as the absorption, we 
eld. The fie i s zero at th reott s increasing : ; ‘ 
the right a I ‘ 5 nave it 
i i 4 i ate « 
war 
4 " 9 
- : x x 1 s (23) 
It is seen from Eqs. (14)(a) and (b) that f ist be rea 1+77A 
| 14 it j 
1+ 1 15 


x" =x : (24) 


which are identical with the expressions obtained in 
the previous section. Equation (24) is identical with 
Bloch’s’ equation for absorption except that his we in 


e numerator is replaced by w. This, of course, is a small 
t-tan?4 tanh?B ~ ' , =? . 
F i ta effect except where w varies appret iably in going through 


going 
A tanA (1—tanh?B resonance. The dispersion on the other | 
+1 16 - 


ftanh*B } ’F. Bloch, Phys. Rev. 70, 460 (1946). 


1and has an 

















LOW 


added constant value xo over the value derived by 
Bloch. Thus in the case of complete saturation the 
dispersion will have a constant finite value other than 
zero. 

Further experimental work is planned to verify Eq. 
(5b) under conditions of complete saturation. 
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We are indebted to Dr. R. K. Wangness of the Naval 
Ordnance Laboratory for allowing us to see his manu- 
script on magnetic resonance for arbitrary field strength 
prior to publication. In this paper, the circularly po- 
larized case has been worked out by a quantum-me- 
chanical method different from that used here. 
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Multiple Resonances in Cobalt Ferrite* 


P. E. TANNENWALD 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 
(Received April 1, 1955 


Double microwave resonances have been observed in cobalt ferrite when a magnetic field was applied in 
crystal directions near the hard axis. One resonance occurs before the magnetization vector is lined 
up with the external magnetic field and another occurs in the aligned state. The experimental results 
exhibit characteristic features expected before complete line-up and yield, at 90°C, K,/M=2200+200 and 


og=2 7+0.3. 


N the past, microwave resonance experiments on 
ferromagnetic single crystals have been carried out 
on the assumption that the material was magnetized 
to saturation and the magnetization vector was fully 
aligned with the applied magnetic field. This is probably 
justified when the anisotropy field is of the order of 
10 percent of the effective field necessary for resonance. 
Some materials, like cobalt ferrite, exhibit an anisotropy 
so large that at ordinary microwave frequencies the 
internal field puts the crystal already above resonance, 
according to the relation w=yH.4;. However, as will be 
described now, the resonance frequency can be lowered 
by applying an external magnetic field in the hard 
direction of the crystal,' and furthermore, one resonance 
can be expected in the nonaligned state of the magnet- 
ization vector M and another in the aligned state. 
Zeiger has given a general solution of the equation 
of motion? which includes the effects of anisotropy in 
terms of energy rather than effective demagnetizing 
factors. This has the advantage that it yields resonance 
conditions even when M is not lined up with the 
applied field. The results are shown for a cubic crystal 
on the assumption of single-domain structure, in Figs. 
1 and 2, and clearly indicate the possibility of two 
resonances as a function of applied field Ho in certain 
crystal directions. 
Figure 3 shows the results of absorption measure- 
ments on a cobalt ferrite single crystal at 90°C as a 


* The research reported in this document was supported joint! 
by the Army, the Navy, and the Air Force under contract wit 
the Massachusetts Institute of Technology. 

! This idea is similar to that used by H. Suhl, Phys. Rev. 97, 
555 (1955) in achieving very-low-resonance frequencies in 
materials with low anisotropy 

*H. J. Zeiger, Lincoln Laboratory (unpublished notes). A 
similar solution was first given by J. Smit, Conference on Ferri- 
magnetism, October 11, 1954 (unpublished). See, also, reference 1. 


function of magnetic field applied in various crystal 
directions WV in the (110) plane. The operating frequency 
(23 800 Mc/sec) is evidently above the “critical 
frequency” w.=2yK,/M, because resonance 
achieved in the easy axis (¥=0") by application of an 
external field. A plot of the position of the high field 
peaks as a function of crystal orientation is shown in 
Fig. 4. This anisotropy curve, although similar, differs 
from that obtained in the usual effective demagnetizing 
theory.’ As can be seen from Fig. 1, near the easy axis 
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frequency w is expressed in units of ~K 
field H» is expressed in units of K,/M. 


Resonance condition in (110) plane. The microwave 
VW and external magnetic 





*C. Kittel, Phys. Rev. 73, 155 (1948). 
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curves apply; for ¥=90° in the (110) plane, the 45° 
curve of the (100) curves applies; and for angles 
between Y=55° and 90°, other calculations would have 
to be carried out. Since in the experiment the operating 
frequency was above w,, the origin of the double peaks 
up to V=55° is not clear. However, at V=90°, it can 
be seen from the (100) curves (here ¥=45°) that 
double resonances are possible. 

Optimum results have been achieved at 90°C because 
below w, the broad resonance lines lead to continuous 
absorption from H»=0 to H¢=11 000 oersteds. Con- 
sideration must also be given the possibility that the 
material is not a single domain and hence M can be 
turned towards Ho from a variety of crystal directions; 
and that the dynamic demagnetizing fields from domain 
walls* shift and broaden the nonaligned resonances. 
Finally, it should be pointed out that the mechanism 


described in this note may be responsible for the double 
peaks observed at very iow temperatures in other 
ferrites. In fact, multiple resonances should occur when- 
ever the anisotropy field becomes comparable to the 


effective field necessary for resonance in spherical 
samples.° 
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The author is grateful to Benjamin Lax for suggesting 
nd for his helpful criticism and 
to H. J. Zeiger for valuable 
discussions and suggestions; to Mrs. M. Campbell for 





irrying out the theoretical computations; to D 
Wickham of the Laboratory for Insulation Research 
for growing and furnishing the sample; and to E. P. 
Warekois for performing the x-ray orientation. 

Vote added in proof.—J. O. Artman of Lincoln Lab 
oratory is making more refined calculations which will 
orrect errors appearing in Figs. 1 and 2 due to over- 
simplification of the situation. The lowest energy posi- 
tion of M may actually be out of the principal crystal 
planes. Consequently, the curves between 55° and 90° 
in Fig. 1 and between 45° and 90° in Fig. 2 need 
revision 

‘D. Polder and J. Smit, Revs. Modern Phys. 25, 89 (1953); T. 
Nagamiya, Prog. Theor. Phys. Japan 10, 72 (1953). 

‘A. F. Kip and R. D. Armold [Phys. Rev. 75, 1556 (1949) ] 
observed double peaks in a sheet of iron single crystal when the 
applied magnetic field was of the order of the anisotropy field. 
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Optical Properties of Indium-Doped Silicon 


R. NEWMAN 
General Electric Research Laboratory, Schenectady, New York 


Received February 21, 1955; revised manuscript received March 31, 1955) 


Absorption and photoconduction have been studied in indium-doped silicon at low temperatures. The 
optical properties indicate a level at about that obtained from thermal-resistivity measurements, i.c., 
0.16 ev. Sharp absorption lines are observed at 20°K which broaden and essentially disappear by 77°K 


INTRODUCTION 


HE ionization energies of Groups III and V ele- 
ments, as impurities in silicon, were recently ob- 
tained by Morin et al.' from resistivity measurements. 
The ionization energies were all approximately 0.05 ev 
with the exception of that of indium, which was meas- 
ured as 0.16 ev. 

The case of indium, with its large ionization energy, 
was of especial interest because it afforded an opportu- 
nity to study impurity optical phenomena over a con- 
venient range of temperature (e.g., 7@77°K) with the 
important condition satisfied that the carrier population 
in the impurity centers remained essentially constant 
over this range. In addition a possibility existed of pre- 
paring a material which would be a useful infrared 
detector out to 7 or 8u and which could be operated at 
the readily accessible temperature of liquid air. 

The work reported here paralled that of another 
group.” Where the results of the two efforts overlap they 
are essentially identical. The present paper may in part, 
therefore, be considered as corroboration of the work of 
Burstein’s group. 


EXPERIMENTAL 


Six single crystals of indium-doped silicon were pre- 
pared by conventional doping and crystal-pulling tech- 
niques. The original starting material was zone-melted 
DuPont silicon of approximately 40 ohm cm, p-type. 
It was, therefore, necessary to compensate the starting 
material with n-type impurity and back dope with 
indium to get a crystal with the desired property, L.e., 
all uncompensated acceptors derived from the indium. 
In practice the starting material was doped with enough 
Sb-Si alloy so that the initial portions of the pulled 
crystal prior to indium doping were 1 to 10 ohm cm 
n-type. Indium was added in different runs to give 
initial concentrations in the melt which ranged from 
0.01 percent to 1 percent by weight. In all cases, be- 
cause of the segregation, the minimum room tempera- 
ture resistivity that could be obtained was 1 ohm cm, 
which corresponded to 5X 10"* carriers/cm’. In all the 


th would develop at 


ingots grown, polycrystalline grow 
1 Morin, Martin, Shulman, and Hannay, Phys. Rev. 96, 833 
(1954). 
* Burstein, Picus, Henvis, Schulman, and Lax (to be published), 
quoted in Burstein ef al., Atlantic City Photoconductivity Con- 
ference, November, 1954 (unpublished). 


a concentration of about 2 percent indium by weight in 
the melt. 

Samples were mounted in a cryostat equipped with 
NaCl windows. For photoconductive measurements the 
cryostat was at the exit port of a Perkin Elmer spec- 
trometer. For absorption measurements the crystat was 
placed in the sample section of the spectrometer. CaF, 
and NaCl optics were employed. The photoconductive 
spectra were taken in 13-cps chopped light by using a 
constant-voltage-input circuit and the Perkin Elmer 
13-cps amplifier system. Equivalent data were obtained 
in 450 cps chopped light by using a Baird phase- 
sensitive amplifier. Indium soldered contacts were used. 
The energy output of the globar source was monitored 
with a thermocouple. 


RESULTS AND DISCUSSION 


Figure 1 shows the absorption spectra of indium- 
doped silicon at 77°K and 21°K for a sample having 
5X 10"* holes/cm* at room temperature. Figure 2 shows 
a detail of these spectra in the region from about 0.14 to 
0.16 ev with this sample at several temperatures in the 
77°-20°K range. The region of lattice absorption is not 
shown in the latter figure. 

Figure 3 shows a plot of the photoconductive spec- 
trum at 77°K of a sample again having a room tempera- 
ture carrier density of 5X 10'*/cm*. Figure 4 shows the 
same for a sample having a room temperature carrier 
density of ~1 10'*/cm'. 
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Fic. 1. Absorption spectrum of indium-doped silicon at 77 
and 21°K. Sample had 5X 10"* holes/cm* at 300°K 
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Fic. 2. A detail of the absorpti« ectrum of indium-doped silicon 
showing the effect of temperature on the absorption lines 
P 
Conductivity temperature measurements on one ol 


our samples were made by W. W. Tyler. They showed 
a 0.16, ev ionization energy in agreement with Morin’s 
results and indicated a room temperature mobility of 
180 cm*/ volt sec and a mobility maximum at about 80°K. 

rhe model employed to describe the optical proper- 
ties of a hydrogen like atom has been carried over to 
explain the optical properties of the so-called hydrogen- 


type impurities in semiconductors, notably silicon.’ The 
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model has met with success in predicting the existence 
of discrete excited impurity levels and in explaining the 
form of the continuous absorption corresponding to 
photoionization. Since the application of the model to 
the case of indium-doped silicon has already been de- 
scribed,’ only brief comment will be made here. 
Referring to Fig. 1, the continuous absorption ex- 
tending toward higher energy from about 0.15 ev is 
identified with the photoionization of holes from the 
indium centers. The low-energy threshold of absorption 
at about 0.15 ev is in agreement with the ionization en- 
ergy that has been determined by resistivity measure- 
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indium-doped sample at 77°K having a carrier density of ~1X 10" 
holes/cm? at 300°K. Sample thickness 0.30 cm 


ment (0.16 ev). The photoionization can also be studied 
through a measurement of the impurity photoconduc- 
tion. For a sample in which the product of absorption 
constant (a) and sample thickness (d)<1 (case 1), it 
would be expected that the photocurrent/incident quan- 
tum would be proportional to a. On the other hand, for 
the case ad>1 (case 2), the sample should 
show a flat response in photocurrent/incident quan- 
tum over the range where this condition is satisfied. 
Under the conditions for which the data of Fig. 3 were 
obtained, ad> 1 should be satisfied out to about 0.15 ev. 
Conversely, for the data of Fig. 4, the condition ad<1 
should be satisfied over the entire impurity range.‘ 


where 


Thus the photocurrent/incident quantum curve of Fig. 
4 should be superposable with the absorption curve of 
* Absorption coefficient was not measured for this sample. It is 


assumed from the room temperature carrier density (1X 10") that 
a would be $ of that shown in Fig. 1. 














OPTICAL 


Fig. 1. This is only roughly so. The reason for the dis- 
crepancy between them is not understood. 

As remarked previously, one of the predictions of the 
hydrogen-like model of impurities is the existence of 
discrete excited levels. Such levels may be evidenced by 
the existence of relatively sharp absorption lines in the 
spectra of doped materials at low temperatures. Two 
such lines are found in indium-doped silicon (see Figs. 
1 and 2). We have located them at 0.147 ev and 0.152 ev. 
Burstein has identified these lines respectively, with the 
ls—+3p and 1s—4p transitions.’ 

An interesting feature of these lines is their tempera- 
ture dependence as illustrated in Fig. 2. Unfortunately 
our measurement of this dependence was hindered by 
an inferior resolving power (Avg~10~ ev). It is, how- 
ever, obvious from the figure that at about 74°K the line 
width is greater than 10~* ev (i.e., resolving power), 
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at about 50°K it is comparable to 10~ ev and at about 
20°K it is less than or equal to 10~ ev. This type of 
temperature dependence has been previously observed 
in boron-doped silicon.’ It has been treated theoretically 
by Lax and Burstein.® They indicate that the line 
broadening is due to a broadening of the ground state 
of the impurity due to an interaction with lattice vibra- 
tions. The temperature range over which the line width 
transition is observed in the present case is essentially 
that predicted by their theory. 
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Electrical conductivity and Seebeck effect have been measured as functions of temperature on single 
: 4 


crystal samples of Nio soFes eO, 


Seebeck effect 





productior 


A thermal hysteresis has been observed in the conductivity but not in the 
This suggests that the hysteresis involves the charge carrier transfer process but not the 
f carriers. The activation energy associated with the transfer process is estimated to be 0.10 ev 


in the high-temperature state and 0.06 ev in the low-temperature state 


1. INTRODUCTION 
AGNETIC losses in ferrites have inter- 
preted'* as being due to an electron transfer of 
the type 


been 


Fe*++ Fe*+= Fe*++ Fe**, 


with an activation energy required for the transfer 
process. It is generally believed that the process of 
electrical conduction in ferrites also involves such a 
transfer. We have therefore made measurements of 
electrical conductivity and Seebeck effect as functions 
of temperature in order to determine an independent 
value of the energy required for the electron transfer. 
This result is presented below. In the course of measure- 
ments, an unexpected therma! hysteresis was en- 
countered for which we offer no explanation at the pres- 
ent time. 


2. EXPERIMENT 


The two crystals of nickel ferrite used were obtained 
from Linde Air Products Company. Chemical analysis 
indicated the composition to be NiosoFes.2004 The 
growth direction was within a few degrees of [111 } 

1 J. K. Galt, Bell System Tech. J. 33, 1023 (1954 


?H. P. J. Wijn and H. van der Heide, Revs. Modern Phys. 25, 
99 (1953 


A rectangular bar 0.608 in. long (in the growth direc- 
tion), 0.206 in. wide, and 0.0600 in. thick was cut from 
the crystal. Electrical contacts were fired on in air at 
about 660°C for 5 minutes using a silver paste. The con- 
tacts were arranged so that 4-point electrical conduc- 
tivity, Hall effect, and Seebeck effect measurements 
could be made. The contacts were nonrectifying. The 
Hall voltage was found to be too small to detect. The 
Seebeck voltage per degree, or thermoelectric power 
proved to be a smoothly varying function of tempera- 
ture. The results are shown in Fig. 1 and interpreted in 
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the next sect The results of the electri il condu 
\ ire shown in Fig. 2, where log conductivity is 
| ed against re roca bsolute temperature Be 
tweet 130 and 710 t hve points f I] on either of two 
straight lines. Below 130 the points fall on the upper 
ine wit the smaller negative slope The points above 
210° all fall on the lower line with the greater negative 
slope. Four times while cooling, the cond vity 
ed” from the lower curve to the upper curve ; and 
four times while warming, the conductivity jumped 
from the upper curve to the lower curve. We were un 
ible to effect a jump from one curve to the other by 
me I ock, magnetic field, or discharging a 
vark co ear the sample. However, there is some 
evidence that the magnetic field may have “conditioned” 
the s pie t p near the temperature at which the 
field was applied. The lower-curve to upper-curve jumps 
initially occurred around 120°K and the upper- to lower 
curve jumps occurred as high as 200°K. After applying a 

m etic field at 170°K, t e upper to lower j 

vas act observed to take place wi the time 
ynstant (3 seconds) of the galvanometer at 176°K, 
while the sample was warming 0.3° per minute. The 
reverse jump was the 1: observed to occur at 170°K w 
the sample was cooling 0.090° per minute. In the latter 
ise, the cooling rate in a high vacuum was followed for 


over 90 minutes 


1, 


ump in conauc 
J 


occurring » during or after the 





tivity. This indicates there is no latent heat associated 


AND 
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with the jump and there is no sharp change in heat 
capacity near the jump. 

A longitudinal section amounting to about one-third 
of the sample was cut off and new contacts fired on. 
The piezoresistance of this new sample was measured at 
room temperature using a stress of 510’ dynes/cm’. 
The effect was only that to be expected from dimen- 
sional change. The conductivity was measured several 
times over the critical temperature range and repeated 
the upper curve of Fig. 2, no jump was observed. A slice 
was cut from a second crystal and conductivity vs 
temperature was measured several times. The upper 
curve was repeated, no transition was found. Thus, the 
upper conductivity curve appears to be the one typical 


of these crystals. 


3. ANALYSIS 


The data of this experiment are interpreted in terms 
mode}? for conduction in a d-level semiconductor. 
y, as usual, is taken as the product of carrier 

) 


shh ] ‘ . L- . 
ntration, carrier mobility, and electronic charge: 


o= nye. (1) 


Che relation between carrier concentration and Seebeck 


effect O is assumed‘ to be 
n=N exp-*'*, (2) 


where NV is the concentration of electronic levels in- 
e conduction process. In this case, V=2.8 


<10" the number of octahedral cation sites/cm’ of 


; i 

ferrite. The thermoelectric effect, which depends on 
carrier concentration, did not undergo a transition. The 
results therefore, in terms of the model, suggest that 
the conductivity transition involves only the charge 
transfer process. Carrier concentration computed from 
measured 0 and Eq. (2) is shown in Fig. 2. The slope of 


the energy required for the produc- 
are 0.12 


and 0.08 ev. Thus the energy involved in the mobility 


s plot 13 0.02 ev, 


tion of carriers. The two conductivity slopes 


(transfer) process is 0.10 ev in the high 


temperature 


state and 0.06 ev in the low-temperature state. 


Chemical analysis indicated the first crystal to be 
52.60 percent Fe and 20.05 percent Ni by weight. As- 

electrical neu- 
calculated to be 


suming a complete oxygen lattice and 


lye 


trality, the composition of the crystal is 


Ni . +Fe o°+Fe, 99 + Pr 
Ten percent of the iron, or ~3X 10" atoms/cm’, is Fe**. 


donor center with respect to Fe’*, 


Since Fe** acts asa 
this result is in agreement with the carrier concentration 
determined from thermoelectric effect and thereby lends 
support to that calculation. 

We wish to thank G. W. Hull for preparing the sample 


id in making the measurements. 


and his a 
*F. J. Morin, Phys. Rev. 93, 1195 (1954 
* However, the assumption about the Fermi level is doubtful 
here since the handling of the &T term is doubtful and QT is about 
the magnitude of &7 
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Application of the Augmented Plane Wave Method to Copper* 
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An application of the augmented plane wave method of solving 
the periodic potential problem has been made to metal'ic copper. 
The aim is to investigate the value of the method and to learn 
details of the energy band structure of copper. The method has 
been found to converge very rapidly; eigenvalues of three- or 
four-figure accuracy can be obtained for any point in. k-space 
without involving the solution of very large secular determinants. 
Throughout, good results can be obtained by considering only a 
single augmented plane wave ; these appear to be good one-electron 
wave functions by themselves, and the possible use of these as a 
starting point in a self-consistent calculation is discussed. The 
method proves suitable ground for the application of a high- 
speed computer, by which the present computation has been 
carried out. 


N recent years, various methods have been used in 

attempts to make accurate solutions of the periodic 
potential problem. By limiting consideration to points 
in momentum space possessing high symmetry, the 
cellular method has proved capable of accurate results; 
calculations have been made on sodium,'? lithium,’ 
copper,‘ and lead sulfide,* using this method. The 
orthogonalized plane wave method originally proposed 
by Herring® can also be used with accuracy at certain 
points in momentum space, and studies have been 
made by this means of beryllium,’ lithium,®” and, more 
recently, of diamond” and germanium."'-* 

An alternative approach to the periodic potential 
problem was suggested by Slater and extended by 
Saffren and Slater'®; the purpose of the present paper 
is to describe an application of this method and to 
estimate its value as a practical approach to the 
investigation of energy band structures. The method 
is obviously simple mathematically ; its practical value 
depends upon the rate of convergence of an expansion 
of the wave function in terms of “augmented plane 
waves,” and it is hence of immediate interest to apply 
the method to a particular substance. Metallic copper 
has been selected for two reasons. Firstly, the form and 


* Work assisted by the Office of Naval Research 

t Now at Radar Research Establishment, Gt. 
Worcestershire, England. 

' F. C. von der Lage and H. A. Bethe, Phys. Rev. 71, 612 (1947). 

2D. J. Howarth and H. Jones, Proc. Phys. Soc. (London) A65, 
355 (1953). 

* B. Schiff, Proc. Phys. Soc. (London) A67, 2 (1954). 

‘D. J. Howarth, Proc. Roy. Soc. (London) A220, 513 (1953). 

® Bell, Hum, Pincherle, Sciama, and Woodward, Proc. Roy. 
Soc. (London) A217, 71 (1953 

*C. Herring, Phys. Rev. 57, 1169 (1940). 

7C. Herring and A. G. Hill, Phys. Rev. 58, 132 (1940). 

*C. Herring, Phys. Rev. 55, 598 (1939). 

*R. H. Parmenter, Phys. Rev. 86, 552 (1952). 

” F. Herman, Phys. Rev. 88, 1210 (1952). 
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16M. M. Saffren and J. C. Slater, Phys. Rev. 92, 1126 (1953). 
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The numerical results for copper are not in agreement with the 
results of a cellular calculation. Recalculation of certain states 
by the cellular method indicates that the dominant reason lies 
in the different potentials employed, the augmented plane wave 
method dealing with a potential constant in a region between 
the atoms. The sensitivity of the energy levels upon the exact 
crystal potential has become more apparent, though copper may 
be expected to show greater sensitivity than other materials. The 
present calculation of the width of the 3d band is 3.935 ev, 
compared with 3.46 ev by the cellular method and 2.7 ev by the 
tight-binding method. The appearance of a high density of states 
near the top of the 3d band is confirmed. 


relative positions of the 4s and 3d bands are of interest, 
in particular since it is an indication of the band 
structure of the transition elements preceding copper 
in the periodic table. Secondly, a calculation by the 
cellular method has already been carried out for 
copper,‘ and confidence in such calculations would be 
greatly improved by obtaining equivalent results by 
the two approaches. Comparison can also be made with 
the calculations in the 3d band in nickel using the 
“tight-binding” approximation,'*’ although this makes 
no claims to be an exact solution of the problem. 

The conclusion arising from the present work is that 
the method provides an excellent approach to the 
solution of the periodic potential problem. Without 
undue numerical labor, it is possible to obtain eigen- 
values of greater accuracy than those resulting from 
the cellular method as it is used at present. In addition, 
it is possible to extend the calculation to deal with 
points in momentum space possessing no symmetry 
properties. The numerical results for copper are not in 
agreement with the results of the cellular calculation; 
the difference is apparently due to the different crystal 
potential assumed in the two calculations. The present 
work is to be regarded as an analysis of the practical 
use of the augmented plane wave method rather than 
an evaluation of physically significant results for copper. 


THEORY OF THE AUGMENTED PLANE 
WAVE METHOD 


The mathematical details of the method used here 
have been given by Saffren and Slater,'* subsequently 
referred to as I. Only a brief recapitulation of the 
necessary formulas will be given here. 

We assume the crystal potential in which the electron 
moves to be spherically symmetrical inside a sphere, 
radius 7,, surrounding each atom and constant between 
these spheres. We shall here consider a material con- 


"6G. C. Fletcher and E. P. Wohifarth, Phil. Mag. 42, 106 (1951). 
7G. C. Fletcher, Proc. Phys. Soc. (London) , 192 (1952). 
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taining only one atom per unit cell. Inside the sphere, 
the wave function is expanded in a series of spherical 
harmonics of angle, and radial wave functions of 7, 
ui(r), satisfying the equation 


d*(ru;) l(l+1) 
- ( +V )—E) rm, (1) 
dr r 


V(r) being the potential inside the sphere. 

Outside the sphere, we assume the solution to be a 
single plane wave of propagation constant k; if we 
choose the constant potential to be zero in this region, 
the energy of this wave is |k|*. By suitable choice of 
constants in the expansion inside the sphere, the two 
functions can be made equal at the boundary of the 
sphere. The wave function so obtained may be written 
in unnormalized form [see I, Eq. (2) ] as 


y= e, exp(tk-r)+e.-494>_(2/+1) j,(\k!r,) 


<1! P(cosb)u,(E,r)/u,(Eyr,). (2) 


ji(\k!r,) are spherical Bessel functions, @ is measured 
relative to the direction of k as polar axis, and €,, ¢€: are 
defined as 

'>1.: 


é=0, when 


6=0, e=1, when r<y,. 


The function (2) we call an augmented plane wave. 


It will, in general, possess a discontinuity in first 
derivative at the boundary of the sphere; to obtain 
the “‘best’’ single function of the type (2) possible, the 
parameter E is chosen to make the expectation value of 
the energy of (2) a minimum. The result of this process, 
which can be carried through analytically, is to set the 
expectation value of the energy equal to the parameter 
E. The spurious contribution arising from the plane 
wave outside the sphere is exactly cancelled by the 
contribution to kineti¢ 
discontinuity in first derivative over the surface of the 
sphere. The resulting equation for E [see I, Eq. (5 


the energy integral of the 


] is 


21+-1) 77(\k!r,) 
ld Inu; (Er) dr | =r,= 0. 3) 


Q(E—\k ter 2 >, 


Q is the volume of the unit cell lying outside the sphere. 

The dependence of EZ upon |k}? implicit in (3) has 
been discussed previously from theoretical consider- 
ations;'* a typical example is shown in Fig. 1. By 
solving (3), we have determined an augmented plane 
wave for a given k. Such functions are used as initial 
functions in a variational procedure. As pointed out by 
Slater,"* we can use functions with the same propagation 
vector k but corresponding to different energies E; we 
can also use functions with k ranging through a number 
of Brillouin zones, arising from the same reduced wave 


*M. M. Saffren, Quarterly Progress Report, Solid-State and 
Molecular Theory Group, Massachusetts Institute of Technology, 
October 15, 1953 (unpublished), p. 16. 
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vector, corresponding to energies E which join smoothly 
to each other as k is varied. The overlap integrals and 
matrix components of energy between the various 
augmented plane waves are easily determined. We find 
three contributions to the energy matrix elements, 
arising from the regions inside and outside the sphere, 
and from the discontinuity in first derivative over the 
surface of the sphere. The calculation of these matrix 
elements follows the treatment of reference 14. For 
completeness, we give here the resulting formulas for 
matrix elements between two augmented plane waves 
¥i(E,,k,) and W2(E.,k»). If we denote the Hamiltonian 
operator H and the unit operator J by the symbol 0, 
we find that 


[1,02] =J (i,0,p2) +44 5 (214-1) ji(| ka!) 
XK Jil k, r,) Pi (ky: ke k; k, )K, ¥i0,y2), (4) 


where 
J (bi,1 We) = — 447 2 71(| ki — ke! 17.)/ | ki — ke! , 
(ki~k.) (5) 
=2. (k,=k.) (6) 
J (1H 2) = ki- ke (Yi,7,W2), (7) 
Ki(¥i,J v2) = 72d Inu; (E2,7)/dr—d Inu, (E,,7)/dr | 
X[Ai-E:t, (Aix EF.) (8) 


If ur Bas) |u 2(Ei7,), 
0 ‘ 


Kili, v2) =r eT 
— Fed \nu;(F,r) dr || E,— Ez} ‘. 


Ed \nu;( E2,r)/dr 


(10) 


E,K, ¥i,/,¥2)+7r27[d Inu, Ey,r) dr |r =rs, 
(EF FE). (11) 


The functions y¥;, ¥. are unnormalized. The normal- 
ization constant n(E,k) is easily seen from (6) and (9) 
to be given by 


k|r,) 


x| [ ue Eprir tn 2(Ev.)]. (12) 


With the exception of (9) and (11), these matrix 
elements have a dependence on the radial wave func- 
tions only through their logarithmic derivatives at the 
surface of the sphere. Formulas (9) and (11) can be 
reduced to a similar form by use of the relationship 


n?=2+4e > ,(21+1) 77 


° 
f uf? (Ey )rdr 
0 
d 


= —r,u?(E,r,)—{d Inu;(E,r)/dr} r,. 
dE 


(13) 

















AUGMENTED PLANE WAVE 


For computational purposes, however, accuracy is most 
easily maintained by using (9) and (11) as they stand. 

As shown by Slater," we find that when k, and k, 
are equal and when (3) is satisfied both energy and 
overlap matrix elements are zero (except when E; and 
E; are also equal). Hence, in particular, the augmented 
plane waves corresponding to electrons in the valence 
or conduction bands will be orthogonal to those corre- 
sponding to electrons in the ion core states, so that, 
if we restrict our discussion to the former, the lowest 
eigenvalue will converge to the required eigenvalue in 
the valence or conduction band. 

If we include augmented plane waves of different 
wave vectors in the variational problem, however, both 
overlap and energy matrix elements are nonzero; the 
resulting secular equation will thus, in general, be one 
involving a nondiagonal overlap matrix, i.e., with the 
energy parameter occurring in nondiagonal terms as 
well as along the diagonal. The method used to solve 
such an equation will be outlined in the following 
section. 

METHOD OF COMPUTATION 

It is obvious that the computation involved in this 
work is simple, but laborious. It must also be borne in 
mind that when a method of solving the periodic 
potential problem has been found, a desirable feature 
of such a process would be the ease with which it could 
be used in a self-consistent type of calculation (that 
this may be necessary even in calculations on simple 
metals is apparent from the results of the present 
work). These features of the calculation suggest the 
use of a high-speed computer; throughout this work 
therefore, use has been made of the Whirlwind I high- 
speed digital computer to enable the entire process to 
be carried out automatically and at high speed. 

The first step is to solve Eq. (3). For this we require 
the radial wave functions u;(E,r,) for various / and E; 
these are obtained by the Noumerov process.’* The 
spherical Bessel functions j;('k'r,) are most accurately 
determined” by use of the auxiliary function A;, defined 
by 


Au (x) = (2/x)"(2/y/ wT (14-9) fila). (14) 


For high /, simple series expansions of Aj,,4(x) are 
possible, from which functions of lower / may be 
generated from the recurrence relation 


x 
Ay 4(x)=An,4(x)— Ainy(%). 


(214-1) (214-3) 


(15) 


In practice, this was found to produce negligible loss 

in accuracy for all / and x(= |k!r,) required here. 
Having computed the function on the right-hand 

side of (3), we wish to specify a value of {k} corre- 


* For a detailed account of this method, see G. W. Pratt, 
Phys. Rev. 88, 1217 (1952). 

*® Tables of Spherical Bessel Functions (National Bureau of 
Standards, Washington, 1948), Vols. I and II. 
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Fic. 1. Energy of augmented plane wave, £, as a function of 
wave vector, |k!, of plane wave portion (Hartree atomic potential 
for Cu*, (3d) configuration, touching radius of sphere). Asym- 
ptotes corresponding to zeros of «:(E,r,) are shown with relevant 
values of /. Broken line indicates E = |k|*. 


sponding to a particular point in the Brillouin zone, 
and to determine the solutions E(k) of (3). Regarded 
as a function of E, however, (3) has the undesirable 
property of discontinuities at values of E such that 
u,(E,r,) is zero. In addition, the computation of (3) at 
values of E forming a fine enough mesh for accurate 
interpolation of zeros is a lengthy calculation owing to 
the occurrence of the radial wave functions. A more 
tractable approach is to regard (3) as a function of k 
for a given value of E, and to determine the zeros of 
this function, which varies slowly with k*. Graphical 
interpolation then yields the desired values of E for 
the particular wave vectors required. 

One fact of some importance arises as a result of this 
method of solution. The values of E and k subsequently 
used to calculate the matrix elements do not necessarily 
satisfy (3) exactly, since they depend upon the accuracy 
with which one can select points from a graph. Hence, 
the orthogonality relations mentioned in the preceding 
section are not exactly satisfied. It has been found that 
the eigenvalues of the resulting secular equation are 
highly sensitive to small changes in the matrix elements, 
and considerable errors can arise by assuming that 
overlap and energy matrix elements between functions 
of the same & are zero. The original formulas (4) to 
(11) were therefore used to calculate these matrix 
elements also. By this means, the formulation of the 
variational problem remains consistent, although the 
augmented plane waves with which we start. are not 
the “best” functions possible. 

The method used to solve the secular equation is 
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that of Léwdin.“" The equations written in matrix 
notation as 


(H—AE,)X,=0 (16) 
are reduced to the canonical form 
(H’—1£E£,)C,;=0, (17) 


where E appears only in the diagonal elements of the 
matrix by the transformation 


H’=A*HA?, X;=A-iC,. (18) 


The matrix A~! can be found by first diagonalizing 
A, and forming the inverse square root of the diagonal 
matrix; the problem hence reduces to one of ordinary 
matrix diagonalization. The process of matrix diagonal- 
ization, used twice here, can be carried out at high 
speed and with great accuracy on the Whirlwind I 
computer by a routine developed by Dr. A. Meckler. 
This fact makes the present method of determining 
A~' simpler and more accurate than that used by 


Léwdin, 


APPLICATION TO METALLIC COPPER 


In order to apply this method to any material, 
suitable choice must be made of the spherically sym- 
metric potential V(r) around each atom. In the cellular 
calculation on copper, an atomic potential was used as 
an approximation to the crystal potential. In order to 
conform as closely as possible to the data used in this 


" 


previous investigation, the same potentials have been 
used, modified to be continuous with the zero constant 
potential at the boundary of the sphere. In the present 
work, the spheres were taken to be touching, giving 
the best facilities for approa hing as ¢ losely as possible 
to the actual crystal potential with this form of po- 
tential. In all cellular calculations, the electron under 
consideration is supposed to move in the field of the 
nucleus and all other electrons. In the case of the 4s 
band, thérefore, a suitable potential is that for Cu* in 
configuration (3d).'"° Two atomic potentials are available 
for this configuration, the Hartree atomic potential,” 
and the Hartree-Fock potential™ which includes ex- 
change between the ion core electrons. Separate calcu- 
lations have therefore been carried out using both of 
these potentials, in order to investigate the difference 
in energy band structure arising from the two different 
assumptions. In the case of the 3d band, a modified 
Hartree potential was formed to represent the (3d)*(4s) 
configuration by subtracting from the Hartree Cut 
potential the contribution from one 3d electron and 
adding that of an atomic 4s electron, both normalized 
to unity inside the atomic sphere. It is recognized that 
these potentials are probably only crude approximations 


= P.O. Léwdin, J. Chem. Phys. 18, 365 (1950 

#1). R. Hartree, Proc. Roy. Soc. (London) A141, 282 (1933 

=D. R. Hartree, Proc. Roy. Soc. (London) A143, 516 (1934 

“1D. R. Hartree and W. Hartree, Proc. Roy. Soc. (London 
1936 
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to the actual crystal potential, and the marked depend- 
ence of the relative positions of the electronic energy 
levels upon the potential found subsequently indicates 
that greater care is necessary in the choice of potential 
in order to obtain results of real physical significance. 

The computation was carried out as already de- 
scribed. A typical plot of the energy of an augmented 
plane wave as a function of k* is shown in Fig. 1. The 
example shown is obtained by using the Hartree Cut 
potential inside the sphere; the lattice constant is taken 
to be the observed value, 6.8124 Bohr units. The 
asymptotes shown correspond to values of E for which 
u;(E,r,) is zero; the relevant values of / are shown for 
each asymptote. In carrying out the summation over /, 
the series in (3) is in practice terminated at a given /, 
determined by the properties of the spherical Bessel 
functions. However, it may be observed that the aim 
in solving (3) is simply to obtain the best possible 
one-electron wave functions to use as unperturbed 
functions in the subsequent variational calculation. It 
has been found that this latter process converges so 
rapidly that functions which only satisfy (3) approxi- 
mately are still sufficiently good unperturbed wave 
functions. Hence, a reduction in numerical labor can 
be achieved at this stage of the computation by in- 
cluding only terms of low / in the summation in (3). 
Results for copper have shown that inclusion of terms 
for which 1<7 in (3) gives values of E determining 
wave functions which are equally good unperturbed 
functions for the variational process as are functions 
resulting from the inclusion of all terms for which /< 13. 
In setting up the matrix elements between two aug- 
mented plane waves, however, we maintain sufficient 
values of / to ensure accuracy in the summations in (4). 
Although the augmented plane waves determined by 
this means possess, in general, a discontinuity in first 
derivative at the boundary of the sphere, the contri- 
bution of this discontinuity to the energy vanishes if 
E= |k!*.** It is seen from Fig. 1 that over much of the 
range the curves E versus |k|? lie close to the line 
E='k!?, indicating that the individual augmented 
plane waves are themselves quite good approximations 
to the true solutions of the wave equation. 

To form a wave function corresponding to a point k 
in the Brillouin zone as a linear combination of aug- 
mented plane waves, we can use functions with wave 
vectors k,=k+K,, K, being a vector of the reciprocal 
lattice. The expression for the wave function is hence 


V(k,E)= ¥ an" (ka, Em, 2); (19) 


~ 
a.m 


y being an augmented plane wave, and a,” being 
constants to be determined by solution of a secular 
equation. The index m refers to functions with differing 
E but the same k. It is immediately apparent that in 
general a large number of terms can appear in (19). 


* See analysis in references 14 and 15 
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For a face-centered cubic crystal such as copper, the 
lowest nonzero K, are of the form Koo«= (0,0,44/a), 
the next of the form Kog=(0,49/a,4r/a) and so on, 
together with similar vectors formed by interchange of 
the three components and alteration of signs. Thus, 
inclusion of only terms in which K,=(0,0,0) and 
K,,= (0,0,44/a) results in 7m unknown constants in 
(19) and hence a secular equation of order 7m, where 
m is the number of “branches” of Fig. 1 being used. 
Inclusion of the next set of K, gives a secular equation 
of order 19m. Thus, unless the series (19) converges 
very rapidly in both m and m, the resulting secular 
equation will be of very high order. 

At points in the Brillouin zone possessing high 
symmetry, however, the permissible wave functions 
possess known symmetry properties.*® In such case, 
some of the coefficients a," are interdependent, and, 
compared with the general case described above, an 
equivalent number of terms can be included in (19) 
with fewer undetermined coefficients. For example, at 
the center of the zone, k= (0,0,0), for the state pos- 
sessing s-like symmetry (referred to in reference 26 as 
the state T’,), we find that 


Goo” = A040" = C400" = Aoo_4™ = Go_ao"” =A 400", 


and similarly, all coefficients of the type aos" are equal. 
Hence, to consider the I’; state, a secular equation of 
order 2m replaces one of order 7m in the general case, 
and one of order 3m replaces one of order 19m, and so 
on. Thus, as in all such calculations, this method will 
be most powerful at points possessing high symmetry 
in k-space, for this allows the inclusion of more terms 
in (19) without involving secular equations of an 
equivalently high order. Much of the present calcu- 
lation has therefore been limited to points of high 
symmetry in &-space. 

To discuss the convergence of the sum (19), it is 
convenient to consider an example; that selected is the 
state X,,”’ having reduced wave vector (0,0,2x/a), and 
having the symmetry of the free electron function 
cos(2z/a). After applying the symmetry conditions, 
the following independent coefficients remain in (19): 


2002", Goa”, Aoog™, Aea2™, Aaos™, *** 


Table I shows the lowest eigenvalue resulting from 
solutions of a secular equation involving varying num- 
bers of these coefficients. The first entry in the first 
column shows the energy of the single symmetry 
combination of augmented plane waves, coefficient doo". 
The second entry in this column shows the result of 
including doo2', doa2'; the second entry of the second 
column results from the inclusion of doos', dos2', @oo2’, 


* Bouckaert, Smoluchowski, and Wigner, Phys. Rev. 50, 58 
(1936). See also reference 4 for a general description of these 
symmetries 

The notation used to denote the states of various symmetries 
is an adaptation of that used by Bouckaert ¢e al. (reference 26), 
and is fully described in references 2 and 4 
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Taste I. Example of convergence of lowest eigenvalue of 
secular equation, using different numbers of augmented plane 
waves. State X, using Hartree potential. 





oo Number of E per & 

vectors 1 2 3 4 5 6 
1 0.3760 0.3752 0.3747 0.3747 0.3746 = 0.3746 
2 0.3754 0.3746 0.3746 0.3746 0.3746 = 0..37 
3 0.3748 0.3746 §=0.3746 §=0.3746)=—(0.3746— (0.3746 


| 
j 
| 


dos, and so on. More terms have been included in this 
example than in any other state considered in order to 
demonstrate the convergence. The excellent conver- 
gence shown in Table I is typical of results for all the 
states considered here; in no case was any improvement 
obtained by inclusion of more than two values of E for 
each k (m=1, 2 in the notation given above), and in no 
case was it necessary to consider values of K, greater 
than Ko. This latter observation is not surprising in 
the case of copper, and may not be true for other 
substances. Previous calculations have shown that the 
energy of a conduction electron in copper approximates 
closely to that of a free electron, and hence the wave 
function, except in the immediate vicinity of the 
nucleus, can be well approximated by a single plane 
wave. In the case of the electrons in the 3d band, the 
wave functions are principally concentrated inside the 
atomic sphere, and are small in the region of constant 
potential between the spheres. The accurate represen- 
tation of this part of the wave function is therefore of 
little importance in determining the energy. 

The rapid convergence obtained for states of high 
symmetry in the Brillouin zone, of which Table I is a 
typical example, suggest that the method could be 
applied at points of no symmetry in k-space. A calcu- 
lation has been made at one such point, the point 
A= (x/2a,r/a,3nr/2a). Results of four figure accuracy 
can be obtained from the solution of a secular equation 
of order 14. This is the highest order equation it has 
been found necessary to solve in the present work. 

The method is hence more powerful than the cellular 
method, which has so far only been applied with 
accuracy at points of high symmetry in k-space. The 
orthogonalized plane wave method has also been used 
to investigate general points in k-space” ; approximately 
the same numerical labor is required in the two methods, 
and the present method would appear to show a more 
rapid convergence. 

Higher eigenvalues of the secular equations possess 
slower convergence and, in most cases, it is necessary 
to include further K, to obtain accurate results for 
such states. No attempt has been made to complete 
the calculation of these eigenvalues except in a few 
cases; for this reason, the results given here do not 
exhaust the data of interest. The aim of the present 
calculation has been to demonstrate the power of the 


* F, Herman (private communication). 
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augmented plane wave method rather than to calculate 


every eigenvalue of interest for copper. ‘ 


aim in such a calculation is the determination of the 


entire density of electronic energy states; this would be 
possible by the augmented plane wave method, but, 
even making full use of a high-speed computer, would 
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_, Fic, 3. Energy as a function of wave vector in [002] direction 
Conduction band using Hartree potential. Energy in Rydberg 
units relative to the ground state I’,. Figure preceding description 
of state indicates degree of degeneracy. 


he ultimate 
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be a very laborious operation. The calculation of an 
eigenvalue at a general point in k-space involved here 
the solution of a secular equation of order 14, and the 
evaluation of over 70 radial wave functions. However, 
there have recently been suggested methods of interpo- 
lating, from accurate results at a few points in mo- 
mentum space, the energy at any point in k-space, and 
hence obtaining the density of electronic states.”-™ 
Such methods become more powerful if there exist 
accurate results at more points in momentum space. 
Thus, the ability to investigate any point in momentum 
space with accuracy, even at the cost of extensive 
numerical labor, affords very valuable assistance in 
applying any such interpolation scheme. 


DISCUSSION OF RESULTS 
The numerical results obtained for copper are shown 


in Tables II and III. For convenience of reference, the 


Eigenvalues of conduction band of copper using 
Hartree-Fock atomic potentials. Energies 


Taste IT 
(a) Hartree and (b 
in Rydberg units 


+ 


Pr. r —().558 —().354 
r I's 0.671 0.803 
Tr? I's’ 0.7982 0.907 
rs I 1.697 2.308 
z. z —(0).451 —(),240 
K, K ~().147 0.086 
K, K —(),136 0.0951 
w Ay —().391 —(.1702 
| ae I —0.0519 0.2219 
as | 0.0887 0.3283 
A, A —0.471 —0.174 
As X 0.080 0.375 
+ 2 Yr. 0.2409 0.502 
A see 0.124 0.361 


states are given both in the notation of the previous 
cellular calculation‘ (HJ notation) and in that of 
Bouckaert ef al.** (BSW notation). The points of high 
symmetry in the Brillouin zone are shown in Fig. 2. 
The results are quoted to the accuracy that has been 
obtained by investigating the successive convergence 
of the secular equations. The points along the axes of 
high symmetry referred to as A, A, = represent the 
center points along these axes [i.e., A is the point 
(0,0,x/a) |. The dependence of E upon k along the 
principal directions in k-space is shown in Figs. 3-11. 
The calculated points are shown, together with sche- 
matic diagrams of the E—k curves through these 
points. The manner in which the various states are 
connected along the axes can be derived from the 
compatability conditions of Bouckaert et al.”* 

The eigenvalues of the conduction band show that 
the states at the top of this band are predominantly 


™ J.C. Slater and G. F. Koster, Phys. Rev. 94, 1498 (1954) 
* L. Allen (private communication) ; Phys. Rev. 98, 993 (1955). 
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s-like in character along each of the principal directions. 
The energy gap across the faces of the first Brillouin 
zone varies from 2.18 ev along the [002] direction to 
0.15 ev along the [011] direction when the Hartree 
potential is used, and from 1.72 ev in the [002] direction 
to 0.12 ev in the [011] direction in the case of the 
Hartree-Fock potential. There is a considerably closer 
correspondence between the results for the two po- 
tentials than was observed in the cellular calculation. 
The use of the Hartree-Fock potential results in a 
larger width for the conduction band, and a smaller 
energy gap across the faces of the zone along each of 
the principal directions, but the relative positions of 
the states possessing s- and p-like symmetries at the 
edges of the zone is unaltered. The eigenvalues lie close 
to the “free-electron” values along the [002] and [111] 
directions, but are lower than these values along the 
[011] direction. Calculations at the center points along 
these axes confirm the approximate parabolic depend- 
ence of E upon k, with the consequence of an effective 


TABLE III. Eigenvalues of d band of copper. Energies in Rydbergs 
PI ) g 


BSW Figs HJ BSW Eigen 


Value tation notation alue 


rg r -0.155 A, Ay —(),235 
rr? I 0.0541 Ad As —(0.13 

z z ~0). 2853 A? Aa’ ~ 0.067 
K, K 0.3448 A A —(). 0643 
K, K 0.14 X, X, ~0.335 
K K ~().1621 X y —~0.1062 
K K 0.1528 X X 0.0742 
K K, 0.0688 y X —0 006 
4 \ 0.1355 \ y +-().64 

A A 0.152 X X,’ +1.527 
A \ 0.061 X X,’ + 1.60 

1 / 0.2756 0.2693 
I I 0.1456 { 1 0.194 
L I 0.0652 0.127 


mass slightly less than unity in the [002] 


and [111] 
directions, and considerably less than unity in the 


(O11) d 


' ~ +} 
top oI tl 


irection. The presence of an s-like state at the 
In the | 111 
he prediction of Mott, 


absorption measurements by Cauchois™ 


e conduction band direction does 


not agree with t based on x-ray 


’ that this state 
would be predominantly p-like in character. 


The eigenvalues of the 3d band show a spread of 
3.935 ev from the [7 state at the center of the zone 


to the state K, at k 


agreement with the predictions of x-ray ab- 


0,32 /4,39/4). This value is in 
general 


sorption measurements by Cauchois,” who predicts a 


value of less than 5 ev, and by Gyorgy and Harvey,* 


who predict a width of 3.5 ev. It also agrees with the 


result of 3.8 ev quoted by Chodorow™ obtained from 
application of an earlier form of this method,” using 
N. F. Mott, Phil. Mag. 44, 187 (1953 
7 Y. Cauchois, Phil. Mag. 44, 173 (1953 
E. M. Gyorgy and G. G. Harvey, Phys. Rev. 93, 365 (1954 
‘*M. Chodorow, Phys. Rev. 55, 675 (1939 
J. C. Slater, Ph Rev. 51, 846 (1937 
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Conduction band using Hartree potential 


the same form of potential. The width of the band in 
the [002] direction in fact agrees exactly with that of 
Chodorow. 
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cellular calculation has therefore been repeated using 
the exact potential employed in the present work. In 
particular, the two states at the center of the zone in 
the d band were considered, both of which are easily 
amenable to an accurate cellular calculation. The results 
agreed with those of the augmented. plane wave method 
to within the accuracy one can claim from the cellular 
method. It is therefore concluded that the difference in 
the results is predominantly due to different potentials 
used in the two calculations. 

The same may be assumed to be true in the case of 
the conduction band. The augmented plane wave 
method may be the more reliable for these states. 
Doubt has recently been cast on the accuracy of cellular 
calculations involving the matching of boundary con- 
ditions at points on the cell boundaries,** and this may 
affect the reliability of the results for the conduction 
band of copper carried out by that method. The 
agreement with experiment is equally good for both 
sets of results. 

It must be pointed out that the use of two different 
potentials in considering the 3d and 4s bands makes it 
impossible to predict the relative positions of the bands 
by direct use of the augmented plane wave method. 
This method is only used to solve the periodic potential 
problem for a single assumed potential. The two calcu- 


therefore to be regarded as distinct energy 


observed previously 


narkedl\ 


wave vector in [111) 


tion band using Hartree-Fock potentia 


Ph.D. thesis, Harvard University, 1954 (unpub 


ed to Dr. Ham for severa! discussions on this 
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band calculations. In the cellular calculation, an at- 
tempt was made to determine the relative positions of 
the two bands by an approximate solution of the 
Hartree equations for the crystal. Such a calculation is 
necessarily very approximate in the absence of a full 
self-consistent treatment of the two bands, and no 
such attempt has been made in the present work. 

The sensitivity of the eigenvalues upon the exact 
crystal potential has been noted previously in the case 
of copper and of germanium. Copper and the transition 
metals preceding it in the periodic table may be expected 
to show more sensitivity than other materials, for it is 
known that the radial wave functions for /=2 are 
exceptionally sensitive to the potential; in the crystal, 
this effect will be particularly noticeable in the 3d band. 
It becomes more apparent that a self-consistent type 
of calculation is necessary even in the case of simple 
metals. In this connection, the augmented plane wave 
method has a marked advantage over other existing 
methods of solving the periodic potential problem. It 
has already been observed from Fig. 1 that a single 
augmented plane wave may well be a good approxima- 
tion to the true wave function. This is borne out in 
Table I and in every other state considered. Energies 
in error by not more than 0.003 Rydberg unit can be 
obtained before entering upon the variational problem, 
that is, by considering an augmented plane wave to be 
a sufficiently good wave function. Although the wave 
functions themselves may be expected to show greater 
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Fic. 8. Energy as function of wave vector in [110] direction 
Conduction band using Hartree-Fock potential 
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Fic. 9. Energy as function of wave vector in [002] direction 
3d band. Energy in Rydberg units 


error, it still appears that an augmented plane wave 
forms a fair approximation to the true solution. This 
is a significant observation when the problem of self- 
consistency is approached. The contribution to the 
potential of these one-electron functions could be esti- 
mated ; this new potential could then be used to repeat 
the calculation and to obtain self-consistency. Alter- 
natively, the new potential could be regarded as a 
perturbation to the original potential, to be included in 
the variational calculation. Hence, a practical conse- 
quence of the extremely rapid convergence of the 
augmented plane wave method is the feasibility of a 
self-consistent energy band calculation. 


CONCLUSION 


The work on copper has shown that the augmented 
plane wave method is among the most powerful of the 
existing methods for the solution of the one-electron 
periodic potential problem. Results of greater accuracy 
than those obtainable by the cellular method as cur- 
rently used can be obtained with no greater numerical 
difficulty. In addition, the application is not so severely 
limited to points of high symmetry in momentum space. 
The method thus compares favorably with the method 
of orthogonalized plane waves, which has also been 
applied to points of no symmetry in momentum space. 
Although the method used here deals with a restricted 
form of potential, it has been pointed out by Slater 
that more general forms of potential could be considered 
with some ease ; it remains to be seen whether the rapid 
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lirection: 


rate of convergence observed in the present work would 
also of different forms of 
potential. Although the calculation of an entire density 


result from the inclusion 
of states by the augmented plane wave method would 
be a calculation of prohibitive length, the ability to 
obtain accurate eigenvalues at any point in &-space 
affords a valuable means of checking any interpolation 
procedure used to obtain a density of states curve. 

In view of the differences between the results of the 
present calculation on copper and those of the cellular 
calculation, which difference appears entirely due to the 
different potentials employed, it cannot be claimed 
that the results of such solutions to the periodic po- 
tential problem necessarily bear any great physical 
significance. As more accurate solutions are carried out, 
it becomes increasingly apparent that the exact form 
of the potentia! inside the atomic cell is an important 
factor in determining the energy levels. The need for a 
self-consistent calculation is obvious, and the present 
would to make such a calculation 


method appear 


feasible. Such a calculation has not been carried out 


for copper, and the present work is therefore to be 


regarded as an investigation into the value of the 


ENERGY (RY) 
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Energy as function of wave vector in [110] direction: 
3d band 


augmented plane wave method, rather than an investi- 
gation of the physical properties of metallic copper. 
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An explanation is proposed for the weak satellite lines observed in the microwave electron spin resonance 
of Group V impurity atoms in silicon. The satellites occur halfway between the main hyperfine lines. It is 
proposed that the satellites represent the resonance of pairs of impurities close enough together for their 
exchange interaction to be very large compared to the hyperfine coupling. Mathematical details are worked 


out 


HE microwave spin resonance of Group V im- 

purity atoms in silicon such as As or P has been 
studied by Fletcher, Yager, Pearson, Merritt, Holden, 
and Read.' They find the resonance consists of 2/+1 
equally spaced lines of equal intensity, where J is the 
nuclear spin of the impurity atom. They interpret the 
splitting of the electron line as arising from the hyperfine 
interaction with the nuclear magnetic moment. The 
theoretical splitting has been worked out by Kohn and 
Luttinger.’ Although the wave function of the electron 
bound to the impurity atom is complicated in silicon, 
they are able to obtain excellent agreement with the 
experimental splitting. Thus the main features of the 
resonances appear to be well understood. Fletcher and 
his co-workers find, however, that a close examination 
reveals that there are very weak satellite lines half-way 
between each of the main pairs. 

Ithough Fletcher et a/. propose in their second paper 
that the lines are from forbidden transitions, in a 
private communication they point out that the observed 
intensity is too high for this explanation, The purpose 
of this note is to propose a possible alternative 
explanation. 

In essence, our proposal is that the satellite lines 
arise from the resonance of impurity atoms sufficiently 
close together that they should be considered as pairs 
whose electron spins are coupled strongly by the ex- 
change interaction. In this case the electrons act as a 
unit which effectively responds to the average mag- 
netic field produced by the hyperfine coupling to the 
two nuclei involved. As a consequence, the pattern for 
pairs consists of lines spaced at half the interval of 
single impurities, but extending over the same total 
range. Let us examine the mathematical details. 

We consider a system of pairs of impurities in a 
static magnetic field 1». The Hamiltonian is 
x =a(I,-$,+I1,-8.)+AS,-S, 

+7 RS 1.4+S2.)Hoty A ist Te), 
where I, and I, are the nuclear spins, $; and S, are the 


electron spins, y, and y, are the electron and nuclear 
gyromagnetic ratios, and a is the hyperfine coupling 


‘ Fletcher, Yager, Pearson, Holden, Read, and Merritt, Phys. 


Rev. 94, 1392 (1954); Fletcher, Yager, 
Phys. Rev. 95, 844 (1954 
?W. Kohn and J. M. Luttinger, Phys. Rev. 97, 883 (1955). 


Pearson, and Merritt, 


constant evaluated theoretically by Luttinger and 
Kohn. The term AS,-S,_ represents the electron ex- 
change interaction between pairs of electrons.’ In its 
absence, we obtain energy levels which to a first 
approximation may be described by the quantum 
numbers m, and mz, for the two nuclei, and M; and M, 
for the electrons. We find for the energy 


E=a(mM,+m.M2)+y4A(M,+-M2)Ho 


+, (my+ me) Ho. 


The interaction y,(S,.+ S2,)H, coswi will then induce 
transitions in which AM,;=+1, AM.=0 or AM,=0, 
AM.=+1, giving us a set of lines at energies y.A4Ho 
+-am,, where m,=I,7—1, ---—J. There are then 2/+1 
lines all told, of spacing a. 

When A> >a, it is appropriate to consider the elec- 
trons as forming a system described by quantum 
numbers S and M, where S=1, 0 and M=S, S—1--- 
—S, but the nuclei are still described by m, and my. 
Now the states S=1 and 0 are the well-known singlet 
or triplet states. Then the diagonal terms become 
(since the triplet is symmetric and the singlet anti- 
symmetric) 


E=a(4m,M+4m.M)+}4ALS(S+1)—$] 
++ AM Hoty ht (my+ m2) Ho. 


The term y.A#H,(S,,4+S:2,) coswl gives us transitions 
AS=0,AM=+1, so that we get vy AH 
+4a(m,+mz2) which will give 4/+-1 lines. The spacing 
is a/2 rather than a. The intensity will not be uniform. 
To compute the intensity pattern we must find the 
number of ways of getting the same sum m,+-m,= M yp. 
This procedure is a straight forward problem which can 
be solved by vector addition of the two angular mo- 
menta J to form F=2/, 2/~1, ---0. For each value of 
F we get a given value of My once. Moreover, each 
value of F occurs only once. Thus, M p= 2/ occurs once, 
M »=2I—1 occurs twice, etc. The relative intensity of 
lines starting from one end of the pattern will then be 
1-2-3-4-- -4-3-2-1. Therefore in the case of As we get 
an intensity pattern 1-2-3-4-3-2-1. The three lines of 
intensity 2-4-2 will be seen. The 1-3-3-1 lines will be 


lines at 


*We have omitted the magnetic dipole coupling between the 
electrons as being small compared to the exchange interaction 
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function of concentration (approximately proportional 
to c for low concentrations) and possibly of the me- 
chanical treatment of the material if it causes the dis- 


satellites 
As the concentration increases, we would have reso- tribution of As in the lattice to be appreciably altered. 


nances coming from clusters of more than two, but we 


masked by the resonance of single As impurities. Thus 


the central satellite should be twice as large as the outer 


The predicted greater intensity of the central satellite 
for As is confirmed experimentally. The weakness of 
the lines makes it difficult to check the intensity ratio 
accurately, although Dr. Fletcher states that the ex- 
perimental values scatter in the vicinity of the theo- 


might expect such clusters to be rather infrequent in 
the concentration range in which clusters of two are 
rare. The extreme case is the one in which the exchange 
have a metal with com- 
Thus our case of inter- retical prediction 

The author wishes to thank Dr. Fletcher for interest- , » 
ing conversations. This paper grew out of discussions 
on another problem with Professor David Pines and 
Professor John Bardeen. The author is indebted to 
stimulating conversations and 


coupling is so strong that we 
pletely nonlocalized electrons 
acting pairs is simply the first step in the process of 
turning the sample into a metal 

We note, finally, that if A~&T or larger, there should 
enden > of the satellite intensity of 
ng the triplet states are higher them for numerous 
lso be a__ helpful comments. 


be a temperature dey 
exp 2A/kT). assumi 
f satellites should a 
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ire-temperature relationship o! 
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MELTING CURVES He’, 
likely to show this phenomenon, if it exists at all, is He. 
Since He* has not yet shown the effect, it seems that 
measurements on He’ will provide the last chance for 
an experimental! test. Up to now the only melting point 
measurements on He’ have been those below 1.5° K 
and 56 atmos by Osborne, Abraham, and Weinstock.™ 

A review of the melting curves measured heretofore 
indicates their deficiencies in both extent and accuracy. 
Greater accuracy or, at least, internal consistency is 
especially desirable for deriving thermodynamic quan- 
tities from the slope of the melting curve. Therefore, we 
felt that there was a need for a comprehensive program 
of measurements, repetitive as well as new. We report 
here the results of the first phase: melting curves to 
3500 kg/cm? for He*, Het, Ne, No, and O, and to 1800 
kg/cm? for H, and Ds. 

2. APPARATUS 
A. General 

The apparatus is shown schematically in Fig. 1. Here 
the gas source is a metal tank containing the gas at low 
pressures, from 1 to 150 atmos. The cryogenic pump is 
a heavy-walled steel vessel into which is condensed the 
gas when the pump is cooled by an appropriate bath. 
When the pump is warmed, the resulting high-pressure 
gas is sent into the steel capillary tubing, the mercury 
pusher, and the coil gauge. The process is repeated, if 
necessary, until the system is loaded to ~1000 kg/cm? 
with the mercury in the right leg of the pusher at a 
minimum. From the left leg of the pusher, an oil line 
leads to a free-piston gauge and its manually operated 
oil injector. The capillary of Type 347 stainless steel, 
0.69 mm o.d., by 0.25 mm i.d., is bent into a long, 
narrow loop, the tip of which can be cooled to any 
temperature down to 1.9°K. On the other side of the 
cold loop is a Bourdon helical coil gauge whose degree 
of uncoil, a measure of pressure, is observed by means 
of mirror, telescope, and scale. 

The following procedure was used in making a melt- 
ing-point measurement. The cold loop was adjusted to 
an appropriate temperature. The piston gauge was 
loaded stepwise with weights, and the oil injector was 
adjusted accordingly, thus increasing the pressure in 
the capillary until no movement of the coil gauge was 
observed, which indicated plugging in the cold capillary 
loop. Removal of weights caused unplugging. The initial 
freezing and melting pressures were usually within 1 
percent of each other but, at times, differed by 10 
percent. (In some cases, the temperature was varied at 
constant pressure; the supercooling found was approxi- 
mately equivalent to the superpressuring.) If, during 
the melting transition, a weight was immediately 
added, freezing could be induced at a pressure lower 

 P. W. Bridgman, Revs. Modern Phys. 7, 1 (1935). 

2 J. E. Lennard-Jones and A. F. Devonshire, Proc. Roy. Soc. 
(London) A170, 464 (1939 

4 J. de Boer, Proc. Roy. Soc 


“Osborne, Abraham, and Weinstock, Phys 
(1951); 85, 158 (1952 


(London) A215, 4 (1952) 


Rev. 82, 263 
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Fic.1. Schematic diagram of the melting point apparatus 


than the initial freezing pressure. By successive freezings 
and meltings, we approached a pressure which needed 
smaller and smaller changes in weight to cause a freezing 
or melting. When melting and freezing were caused 
within ~+1 kg/cm’, the point was taken as our 
“melting point.” 


B. Source and Purity of Gases Used 


All the gases used in the melting-point determina- 
tions, and in the vapor pressure thermometer, were 
analyzed in our mass spectrometer, which generally is 
sensitive to ~0.05 percent for each impurity. However, 
considerable discretion must be used if impurities are 
indicated; many of these indications are false because 
of residues in the instrument. 

(a) The helium-3 was obtained from the radioactive 
disintegration of tritium (T or H*); the T was kept as 
UT;, which has a negligible chemical decomposition 
pressure at 300°K, therefore the He® could be simply 
pumped off. Our analysis showed the He’® to contain: 
<0.10 percent He‘, <0.01 percent Hy, <0.06 percent 
DT, <0.03 percent T:, <0.03 percent N». The 4, 5, 
6 masses are probably residues of HT, DT, and T; in 
in the spectrometer. 

(6) The helium-4 was obtained directly from an AEC 
helium cylinder which had been filled by the Bureau of 
Mines. The Bureau’s precautions are generally adequate 
to allow it to quote a purity of 99.99 percent in the 
filled cylinder. Our analysis showed <0.02 percent Hz, 
<0.01 percent Ne, <0.05 percent No. 

(c) The hydrogen was produced through water elec- 
trolysis by the National Cylinder Gas Company. The 
more condensable gases were removed by adsorption on 
silica gel at 77°K. Our analysis showed <0.02 percent 
N, and <0.01 percent O, on the mass spectrometer and 
<1 ppm O, on a Beckman magnetic susceptibility 
analyzer. 

(d) The deuterium was produced through heavy 
water electrolysis by the Stuart Oxygen Company, who 
claimed >99.5 percent purity. Our analysis showed 
1.10 (+-0.00 or —0.37) percent HD, <0.02 percent Hy, 
<0.12 percent No, and 0.01 percent Ov. 

(e) The neon was produced through air distillation 
by the Linde Air Products Company, who designated it 
“spectroscopically pure.” Our analysis showed 0.09 
(+0.00 or —0.05) percent He, <0.05 percent Hz, 
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<0.05 percent Ne, 0.28 percent Ne*', and 10.0 percent 
Ne™. The adopted value of Ne™ content is 8.82 percent, 
but several observers have obtained 9.72 percent.'® 

(f) The nitrogen was produced through air distillation 
by Linde Air Products Company, who claimed a mini- 
mum purity of 99.7 percent and the impurities to be 
<0.3 percent O, and traces of Ne, A, Xe. Our analysis 
showed 0.11 (+0.01) percent Os, 0.06 (+0.01 percent 
4 <0.06 percent Ne, <0.03 percent He, <0.04 percent 
H, 

(g) Melting measurements were made on three kinds 


of oxygen: (1) Air distillation oxygen by Linde Air 


Products Company, who claimed >99.5 percent purity 
0.5 percent Nz and traces of Ne, A, and COs. 
Our analysis showed 0.14 (+0.01 percent A, <0.05 
He. 0.03 percent He. Mass spectrometric 
observations on N 


with 


percent 
and Ne were meaningless because 
of interference from other molecules. (2) Electrolytic 
oxygen by Stuart Oxygen Company iabeled ‘* Medical 
grade.”’ Our analysis showed 0.30 (+0.03) percent He, 

0.05 percent He, 0.03 (+0.01) percent A (the presence 
of A is difficult to explain). (3) The same as (2) but 
with the H, removed by distillation of the liquid. The 
resulting liquid showed a vapor pressure independent 
of amount évaporated. Our analysis of the gas showed 
0.03 percent H», 0.03 (+0.01) percent A. 


This is the 


only 0. that we consider gave reliable results 


C. Temperature Control and Measurement 


The capillary cold loop, wherein freezing and melting 


occurred, through a small copper block, 6 mm 


went 


diam and 10 mm long, which 


had been split open and 
shaped to receive the tube and a thermocouple. All 
with “Cerrobend” 


Into the 


, , , 
these parts were soldered together 


an alloy melting at ~70°C top of the 


copper block was drilled a hole to act as a vapor 
pressure thermometer well. This was connected to a 


manometer by means of steel capillary tubing. The 
vapor pressure thermometer system could be loaded 


with an appropriate gas: He, Ne, Hs, Na, Into 


the bottom of the copper block was soldered a steel rod 


or () 


whose purpose was to bridge the gaps between those 


temperatures obtained directly with liquid baths. This 


was accomplished by adjusting the bath level below the 
copper block until the temperature gradient was suit- 
able to get the desired temperature at the block. This 
technique was aided by use of a Dewar with a sliding 
seal at top. The Dewar, 4 cm diam and 35 cm long on 
the inside, was of double construction, so that liquid 


could be used as a shield, and had unsilvered 


nitrogen 


strips for windows. The Dewar sat on a screw-type 





leveling ring so that its height could be adjusted closely 


with minimum effort on the part of the observer. 
The liquid bat! 5 used were He, H . N , Os, and CH,; 
‘K.T 
dance of the 
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they were thermally stirred to promote temperature 
uniformity. With each, various temperatures could be 
chosen by adjustment of its vapor pressure from 
several to 2000 mm Hg. The bath pressure was con- 
trolled to the equivalent of 0.02° by a valve which was 
actuated by the difference between control and con- 
trolled pressures across a metal bellows. 

The melting temperatures were determined by the 
vapor pressure thermometer wherever possible, other- 
wise by a thermocouple. Both were in intimate contact 
with the coldest point of the high pressure capillary. 
Where it was advantageous, a platinum resistance ther- 
mometer suspended in the bath was also used, but this 
was not entirely reliable in liquids like air, O2, and No, 
which often have large temperature gradients. The 
thermocouple was made of Cu and an alloy of Cu con- 
taining 0.015 wt percent Fe, both wires being ~0.005 
in. in diameter. The alloy, suggested by the work of 
Borelius,'* was mixed, drawn, and annealed in this 
laboratory. The sensitivity in wv/deg was 10 at 5°K 
and 14 at 15° to 30°K, then dropped off to 5.5 at 60°K 
and finally to 1 at the ice point, which was used as the 
reference junction.'? 

Table I gives the thermometers used in various tem- 
perature ranges. 

Wherever possible, 
made between temperatures from vapor pressure, re- 


concurrent comparisons were 
sistance thermometer, and thermocouple so that the 
would have maximum interpolation value. In 
pressure thermometer 
sidered most reliable. In another type of apparatus, a 
similar resistance thermometer had been compared 
with vapor pressures of the gases used in this research; 
a maximum deviation of Trr—Typ=0.08 
tained at 75°K with No. Simultaneously emf vs T data 


last 


general, the vapor was con- 


was ob- 


Taste I. Thermometers used in various temperature ranges 
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work of Dauphinee, MacDonald, and Pearson [J. Sci. Instr. 30, 
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MELTING CURVES He’, 


were obtained for two other Cu— Cu Fe thermocouples; 
these two and the thermocouple used for the present 
melting points gave parallel and only slightly separated 
calibration curves. In view of the various checks on the 
thermometry, it is estimated that the greatest possible 
error in melting temperature was 0.1°, which applied 
to the midpoints of the 5.2-12° and 31-55° regions, 
where interpolation by thermocouple was necessary; 
in other regions, the possible errors probably averaged 
about 0.03°. 

The temperature control and measurement system 
used here was simple in principle and construction. 
Besides doing its main job of accurately measuring the 
melting temperature, it provided a means of rapidly 
changing the temperature whenever desired. This 
proved useful when melting points obtained in the 
normal way were checked by keeping the pressure 
constant and varying the temperature. Operation of 
the system was more tedious than that of the conven- 
tional system whereby the cold point is isolated from 
the bath by vacuum after reaching the lowest tem- 
perature desired. Whether the advantage was worth 
this is not readily discernible. 


D. Pressure Measurements 


On one side of the cold loop, high pressures were 
established and measured precisely with a free-piston 
gauge. Pressure changes on the other side of the loop 
were observed by means of a highly sensitive Bourdon 
helix. The two pressure devices will be described 
separately. 

(a) Free-Piston Gauge 

In the range of 350 to 3500 kg/cm*, pressures were 
measured with a controlled-clearance free-piston gauge. 
The advantages of a controlled-clearance gauge, i.e., 
high sensitivity, manageable leakage of fluid past 
piston, and knowledge of effective area, have been dis- 
cussed by its inventors, Johnson and Newhall.'* Our 
instrument, shown in Fig. 2, was similar to theirs with 
minor modifications. 

The jacket was designed to cover the range 0-3500 
kg/cm* although the inner components could be 
pressured somewhat higher. The inner cylinder was 
machined from a manganese tool steel, hardened to 
Rockwell C-65, and then ground and lapped. The 
cylinder bore, nominally 0.0646 cm* in cross-sectional 
area, was 3.56 cm long. 

The piston was made from a rod of Kennametal,” 
2.5 cm long and 0.32 cm in diameter, brazed to a larger 
steel support. The piston was ground with a diamond 
wheel and lapped with diamond dust until it slipped 
into the cylinder without interference. In the com- 
pleted assembly, the piston was free to move 5 mm, the 
tip moving 2.5 mm above and below the center of the 


1D. P. Johnson and D. H. Newhall, Trans. Am. Soc. Mech. 
Engrs. 75, 301 (1953). 

% Trade name of a tungsten carbide-cobalt mixture manu- 
factured by Kennametal Inc., Latrobe, Pennsylvania. 
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Fic. 2 The controlled-clearance free piston gauge. (a) height 
gauge; (b) yoke; (c) tungsten carbide insert and hardened ball; 
(d) light spring; (¢) ball bearing guide; (/) packing nut; (g) ball 
bearing for rotating pulley; (4) oil overflow; (#) steel rings; 
(j) lead washer; (&) tungsten carbide piston; (m) jacket inlet; 
(nm) thrust sleeve; (0) inner cylinder; (p) outer cylinder 


cylinder bore. The piston was rotated at 24 rpm after 
the method of Myers and Jessup.” A height gauge of 
calibrated spring tension was firmly mounted to follow 
the travel of the piston. In practice the piston was 
floated to within +0.012 mm of its center position with 
a manually operated oil injector. 

The hydraulic fluid employed was an aviation instru- 
ment oil. Oil pressure was developed with a hand 
pump and a 10-to-1 intensifier. The outer jacket of the 
free-pistion gauge was pressured with oil from the same 
intensifier. Its pressure was read on a 0-1400 kg/cm? 
(0-20 000 psi) Heise" gauge of guaranteed 0.1 percent 
accuracy. 

The piston gauge is a primary pressure standard in 
its own right if careful attention is given the measure- 
ment of force and effective area. The force exerted by 
the various pan loadings was calculated as the product 
of the masses, calibrated to 0.001 percent and corrected 
for air buoyancy, times the gravitational acceleration, 
determined at our location to the same accuracy. Slight 
corrections for the spring force of the height indicator 
gauge and for piston buoyancy in oil were made. The 
effective area of a free piston gauge is the mean of the 
cylinder and piston areas. Our piston area was calcu- 
lated from an average diameter measured with an elec- 
trolimit gauge to a few microinches. The result at 20°C 
was 0.064570 cm?. Direct measurement of a bore 

*"C. H. Myers and R. H. Jessup, J. Research Natl. Bur, 


Standards 6, 1061 (1931). 
® Heise Bourdon Tube Company, Newtown, Connecticut. 
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diameter of corresponding size, however, suffers in 
accuracy by several orders of magnitude. The expedient 
was used of determining the clearance between piston 
and cylinder. This was calculated from direct observa- 
tion of the flux of n-propyl alcohol* through the crevice 
at various measured pressures and with various jacket 
pressures surrounding the cylinder. The clearance at 
atmospheric pressure was found to be 5.64+0.08 X 10 

cm. Piston and cylinder diameters at the different 


} 


experimental pressures were computed by substituting 


values of the jacket pressure and approximate experi- 
mental pressure into well-known elastic equations.” 
3500 kg/cm? was less than 0.2 


percent larger than the piston area quoted above. 


The effective area at 


All indicated pressures obtained by dividing force by 
effective area were converted to absolute values by 
addition of the barometric pressure. It is estimated that 
the controlled-clearance free-pistion gauge gave pres- 
sures accurate to +-0.05 percent, although its observed 
vas 1 part in 100 000 


In the pressure range 3.5 


rT fiunts 
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350 kg /cm?*, a commercial” 


free-piston gauge was used. The platform weights were 


calibrated by weighing and the effective area, 0.080640 


cm® at 35.5445 kg/cm*, was determined by balancing 
the gauge against a pressure standard, the vapor 
pressure of pure CO, at O'C Effective areas at other 
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* See for example R. J. Roark, Formulas for Stress and Strain 
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* Ashcroft Gauge Tester 1312-50, Manning, Maxwell and 
Moore, Inc., Stratford, Connecticut 
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Fic. 4. Melting curves of Ne, O2, and N». Present measurements 
are represented by the curves (no deviations are visible on this 
scale). 


pressures were calculated from elastic theory. Pressures 
measured with this gauge were accurate to within 0.05 
percent. A comparison of the commercial pistion gauge 
the controlled-clearance gauge at 
showed no significant deviation. 


with 350 kg/cm? 


b) Bourdon Helix Gauge 


\ 45-cm length of 0.69-mm o.d. by 0.25-mm i.d., 
Type 347, stainless steel capillary tubing was flattened 
by rolling until its major diameter was 1.5 times the 
minor diameter. The flattened tubing was then soldered 
shut at one end and coiled into a 2-cm diameter helix. 
The helix was fixed to a support just above the flattened 


that the closed end was free to describe 


section so 
angular rotation as a function of pressure. Such rotation 
was observed by means of a mirror, telescope, and scale. 
Scale deflections could be read to 0.1 mm which corre- 
sponded to a 0.2- or 0.3-kg/cm? pressure change in the 
helix gauge. This fixed the limit of resolution for all 
freezing- and melting-pressure determinations. 

The helix gauge was initially pressure-seasoned at 
3900 kg/cm®, then calibrated in situ with He against 
the free-piston gauge. The calibration changed some- 
what with time due to zero shifts, but the helix gauge 
was used to approximate absolute pressures only when 
the high-pressure system was charged initially from the 
cryogenic pump or subsequently bled to a lower range 
of pressures. Its primary function was that of sensing 
small pressure changes. 

Response of the Bourdon helix gauge to pressure 
changes ini the piston gauge became noticeably slower 
at low pressures. This was caused by the smaller density 
and larger compressibility of communicating gases in 
the capillary loop and resulted in somewhat more 
uncertain melting- and freezing-pressure determinations 
in the low-pressure region. At pressures greater than 
350 kg /cm?, the response was essentially instantaneous. 


3. RESULTS 


Putting 240 melting points into tabular form seemed 
impracticable; therefore, the measurements are given 











MELTING CURVES He}, 
herein graphically and analytically. Figures 3 and 4 
show the character of the melting curves in general and 
the comparison of our data (represented without visible 
deviations by the drawn curves) with those of other 
observers. Table II gives the results of fitting by least 
squares our measured pressures and temperatures to 
the melting equation advocated by Simon! and to be 
discussed later as Eq. (2): the constants, the pressure 
range of application, the root-mean-square deviation, 
and the number of points fitted. Figures 5 and 6 show 
the difference between measured and equation-com- 
puted pressures as a function of pressure. Of the three 
types of O, measured, only the results for the purest 
are reported in the table and figures. 

Following the suggestion of Bridgman® that there 
should occur a transition point in solid Nz in the 110 
700 kg/cm? region, we measured melting points in this 
region at about every 30 kg/cm*. We found no discon- 
tinuity in the slope of the melting curve. 


4. DISCUSSION 
A. Isotopic Effects 


In each pair of isotopes observed here, He’— Het and 
H.— Dz, there is an approximate parallelism shown in 
Fig. 3 with the heavier isotopes displaced to lower 
pressures. The difference between the helium curves 
appears to increase from 40 to 120 kg/cm? over the 
range 2 to 30°K. Between the H, and D. curves there 
is a slight decrease in the difference, 170 to 140 kg/cm’, 
in going from 19° to 43°K. The melting data of Clusius 
and Bartholomé** on D, up to 100 kg/cm? (21°K) first 
indicated a constant pressure (but not temperature) 
difference of ~170 kg/cm? between the H» and D, 
curves. Chester and Dugdale’ reported a constant dif- 
ference of 170+6 kg/cm? over the 25 to 57°K range. 
(Since they gave no absolute values, their results do 
not appear on our graph.) Unfortunately, we could not 
extend our measurements on H, and D, to 3500 kg/cm?, 
nor include T., both of which were our intentions.”’ 


TABLE II. Constants in the Simon melting equation, P,,=a+6T°. 


P range r= P ~ Pe, ‘} 
n* 


a 6 kg/cm? | n 
He} 25.16 20.08201 1.517083 76-3500 2.68 61 
Het —17.80 17.31457 1.555414 37-3500 3.87 68 
H, —270.52 2.534870 1.764739 0-1920 3.57 17 
D, —418.29 1.812821 1.855812 0-1530 2.58 14 
Ne —1057.99 6.289415 1.599916 0-3500 4.91 37 
N: — 1638.30 0.976780 1.791000 0-3600 1.75 26 
O; —2786.83 2.635754 1.742594 0-3600 5.09 17 


*n =number of fitted points 


*K. Clusius and E. Bartholomé, Z. physik. Chem. B30, 237 
(1935) 

7 Among the readily available metals, we could not find any 
which would contain H, above 2000 kg/cm? in the Bourdon helical 
coil of rolled capillary necessary for determining small pressure 
changes. The capillary tubing used throughout to contain the 
high-pressure gases was Type 347 stainless steel, supposedly 
resistant to H; embrittlement. In other apparatus, the unrolled 
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Fic. 5. Deviations of observed melting pressures 
from Simon equation. 


B. Comparison of Present Measurements 
with Those of Other Observers 


Also shown in Figs. 3 and 4 are results of other ob- 
servers. The data of Simon, Ruhemann, and Edwards'* 
show fair agreement with our He‘ results, less with our 
H, and Ne data, and give distinctly higher pressures 
than our N» curve. The recent work of Dugdale and 
and Simon’ on Het‘ up to 800 kg/cm* agrees with ours 
within +5 kg/cm*. Other observations, up to ~200 
kg/cm?, on He* by Keesom,”* on Ne, Oo, and N» by 
Keesom and Lisman,” and on N» by Verschoyle,” also 
agree with ours. The only previous measurements on 
He’, by Osborne, Abraham, and Weinstock," covered 
0.5 to 1.5°K. Below 0.5°, their melting curve approached 
29.3 atmos. corresponding to the constant pressure 
reached by He‘ at somewhat higher temperatures. As 
well as we can presently determine, our data, down to 
1.9°, meet theirs smoothly. 

Since both Bridgman® and Robinson® 
published results on N» as smoothed, we cannot examine 
the reliability of the individual measurements but must 
be content with the trends shown by their measure- 
ments. The status of the Ny melting curve is now as 
follows: Simon et al.,? using the blocked-capillary 
technique, and Robinson,® using the moving-pellet 
method, agree with each other and give pressures & 
percent higher than the results of Bridgman,® using the 
volume-discontinuity criterion, and of our observations, 
using the blocked-capillary technique. Bridgman’s 
smoothed data agree with ours to 5 kg/cm’, thereby 
negating his objection to the blocked-capillary tech- 


gave their 


nique. 


and uncoiled capillary withstood H, pressures of 3200 kg/cm? for 
at least a day and 2500 kg/cm? for at least a month. But in rolled 
and coiled form the capillary burst within a few minutes at H, 
pressures slightly greater than 2000 kg/cm’. A similar effect 
resulted from using a capillary of the same steel but with heavier 
wall (0.79 mm o.d., 0.15 mm i.d.). A hard-drawn K-monel capil 
lary (0.79 mm o.d., 0.33 mm i.d., manufacturer's specification of 
3200 kg/cm? working pressure) also failed at 2300 kg/cm?*, prob 
ably purely the result of insufficient strength. Therefore, further 
measurements on the hydrogens will have to be delayed until we 
find a suitable substitute for the present coil gage 

%* W.H. Keesom, Leiden Comm. No. 184b (1926) 

*W.H. Keesom and J. H. C. Lisman, Physica 1, 735 (1934) 
and 2, 839, 901 (1935); Proc. Acad. Sci. Amsterdam 36, 378 
(1933) and 38, 808 (1935) 

”T. T. H. Verschoyle, Trans. Roy. Soc. (London) A230, 200 
(1931) 
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Fic. 6. Deviations of observed melting pressures 
from Simon equation 


C. Simon Melting Equation 


Simon, 24 Lennard-Jones and Devonshire,” de 
Boer,"*? Domb,” and Salter® have advocated, on em- 
pirical and theoretical grounds, a universal melting 
formula 

P/a=(T/7 1, 1 


in which a is related to the “internal pressure” of the 


solid, T 


intermolecular potential. The formula 


to the triple-point temperature, and c to the 
has, indeed, 


been successful in expressing all the measurements 


made on the low-boiling elements. We undertook fitting 


our data by th 


> (P-P.. 


— i 


1¢ method of least squares, minimizing 
, to the empirical form of Eq. (1 


P=a+bT*, (2) 

ind to a simple quadrati: 
P= A+BT+CT-. (3) 
Compared with Eq. (3), Eq. (2 
fit for He* and Het, moderately better for H,, D, and 


Ne, and about equally as good for N, and O». As shown 
in Figs. 5 and 6, the deviations of our data from Eq. (2 


gave a much better 


show some definite oscillations, indicating that minor 
In the 
f the 
deviation plots at low pressures reflect the different 


corrections should be made to the equation 


case of the heliums, the different characters « 


temperatures at which the pressures level off to constant 
values 

In spite of the generally good agreement between 
measurement and Eq. (2), we cannot consider any one 
set of the constants a, b, and c unique. With proper com- 
pensation between terms, we could vary the constants 


* C, Domb, Phil. Mag. 42, 1316 (1951). 
= L. Salter, Phil. Mag. 45, 369 (1954 
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considerably without affecting > (P— P.,.)* appreciably, 
and with different sets of data we could get significant 
variations in the best-fitting constants. Therefore, we 
cannot attach much quantitative significance to the 
relations between the empirical constants and the 
fundamental properties noted in Eq. (1). On the other 
hand, it is difficult to disregard the positive value of a 
for He*, which would mean, on the basis of Eq. (1), 
that the “internal pressure” is negative or that the 
isothermal] increase of volume causes a decrease in the 
internal energy of the solid. 


D. Unusual Melting-Freezing Transition in O, 


A rather speculative conclusion we reach is that 
there must be something unique in the melting-freezing 
transition in O». For all the other substances observed, 
we found the initial freezing pressure to be within 1 
percent of the melting pressure and could easily bring 
the two to within 1 kg/cm? by the previously described 
procedure. But for Oz, the initial freezing pressure was 
usually 10 percent higher than the melting pressure, 
which remained fairly constant with alternate meltings 
and freezings; then only by considerable manipulation 
could the superpressuring be removed. It does not seem 
possible to blame this effect entirely on impurities. For 
example, the Ne and N» were more impure than some 
of the other substances (see 2-B) yet gave no anomalous 
reversibility ; in fact the Nz was remarkable in its over- 
all reproducibility and adherence to the Simon melting 
equation. Moreover, the three types of O, that we 
observed showed no definite variation in reversibility 
although they gave three different melting curves. We 
surmise there is some connection between the melting- 
freezing characteristics as observed in the present work 
and the behavior of the Ns and Oy» impurities in a 
hydrogen liquefier. As is often observed in the liquefier, 
solid N» readily blows through the expansion valve 
while solid O» usually plugs the valve. 
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* The O; and 0.3 percent H; curve was 1 to 2 percent higher 
in pressure, while the O,; and 0.14 percent. A curve was $ percent 
lower in pressure than the curve of the purest O,. This result is 
fairly consistent with the expected types of solid phase: single 
component and solid solution with H; and A, respectively. 











PHYSICAL REVIEW VOLUME 


99, NUMBER 2 JULY 1S, 


1955 


Magnetic Susceptibility of Indium Antimonide 
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The magnetic susceptibility of both n- and p-type InSb has been measured by the Faraday method from 
65°K to 650°K. The carrier contribution has been obtained by subtracting the lattice component in both 
the intrinsic range and the extrinsic range. These data indicate that the energy gap at 0°K is 0.262 ev and 
that the electron effective mass is 0.028 mo. The hole contribution to the susceptibility in the extrinsic range 
for the p-type specimen used was too small to permit a determination of the effective mass of holes 


HE magnetic susceptibility of several n- and p- 

type single crystals of InSb' have been measured 
by the Faraday method from 68°K to 650°K. The re- 
sults of these measurements? are shown in Fig. 1. In 
specimen .V-1 the extrinsic electron concentration my 
=1.6X10'* cm™, in V-2 ngo~4X 10" cm, and in P-1 
the extrinsic hole concentration po= 1.1X10'* cm™. 

It can be shown’ that the susceptibility of a semi- 
conductor can be written as the sum of three com- 
ponents: the diamagnetic lattice contribution x ,, the 
paramagnetic contribution of impurity atoms x; con- 
taining unpaired electrons, and the contribution of the 
carriers x,. Since the impurity content of the specimens 
is too small to contribute significantly to the suscepti- 
bility, we are concerned here only with xz, which is 
usually only slightly temperature dependent, and x. 
In the range of classical behavior, 


X= (6*/3pkT)n(3—f,7) (I 


for electrons, a similar expression holding for holes. 
Here, 8 is the Bohr magneton, p the density of the 
crystal, m the electron concentration, and f,=mo/m,, 
where m, “) is the 
effective electron mass averaged appropriately for 
motion in the magnetic field.‘ In the case of appreciable 
carrier degeneracy Eq. (1) gives too large a value for 
x-. For classical intrinsic behavior the carrier con- 
tribution is 


is the electron rest mass and m, 


N) yi 


x-=CT! ——| e~Fe™I[6—f2—f,7], (2) 
mo 


where C= 29*(2rmo)'k}/ 3ph* and E,=E,o+ BT. 

In view of Eq. (2), the rapid increase in diamagnetism 
above 200°K exhibited by the curves in Fig. 1 is 
attributed to intrinsic ionization. The maximum at 
600°K is probably due to two effects: (1) the onset of 


We are indebted to H. J. Hrostowski and M 

Bell Telephone Laboratories for these specimens 

* The relative precision of points on a given curve is better than 
+0.1 percent. The absolute precision, relative to the reported 
value of O; gas at N.T.P. is not better than +0.5 percent. For 
comparison purposes the curves were adjusted to correspondence 
at 600°K 

*G. Busch and E. Mooser, Helv. Phys. Acta 26, 611 (1953 

‘m\™ becomes identical with the density of states mass m‘* 
mly when the energy surfaces are spheres in K-space and the 
bands are nondegenerate 


Tanenbaum of 


carrier degeneracy which in itself would not cause a 
maximum and (2) a temperature dependence of x, 
similar to that observed in Ge® and Si,® i.e., decreasing 
diamagnetism with increasing temperature. From Eq. 
(2), it is evident that a plot of log(x./7) vs 1/T should 
yield a straight line of slope £,°/ 2k. Such a plot is shown 
in Fig. 2 for V-2. In order to obtain x,, it was assumed 
that x, is temperature independent and is given by the 
low-temperature value of x in Fig. 1. The curve is 
indeed linear over most of the range with a slope corre 
sponding to E,’=0.262 ev, in reasonable agreement 
with values obtained from electrical measurements.’ 
Because of the assumption concerning x ,, this value 
may be somewhat small. 

The curve for .V-1 in Fig. 1 shows the extrinsic con 
tribution at low temperature (<200°K). Because of 


(10") 
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Fic. 1. Diamagnetic susceptibility as a function of absolute 
temperature for three specimens ol InSb 
*D. K. Stevens and J. H. Crawford, Jr., Phys. Rev. 92, 1065 
1953 
*D. K. Stevens (unpublished data 
M. Tanenbaum and J. P. Maita, Phys. Rev. 91, 1009 (1953) 
* Breckenridge, Blunt, Hosler, Frederikse, Becker, and Oshin 
sky, Phys. Rev. 96, 571 (1954 
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extrinsic range due only to .V-1, and (3) the extrinsic 
Se range in which degeneracy becomes appreciable. It is 
= evident from Eq. (1) that the slope of the x. vs 1/T 
* curve is proportional to m,'”° in the classical extrinsic 
re , range. From Fig. 3, this corresponds to m,‘“’ =0.028m 
lie [his value is somewhat smaller than that determined 


nce 
2 j 


electrically.* A similar analysis was made for the dif- 


. ference between .V-1 and .V-2, yielding m,(“’ =0.032m 
re” Because of the higher purity of V-2 than P-1, the 
; d intrinsic range extended to a much lower temperature. 
a Consequently, the slope was obtained on a portion of 
the curve deeper in the degenerate range which would 
pi give too small a slope and too large a value of m,'™’. 
n 


Hence the first value is the most reliable 
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Electrical Conductivity Induced in MgO Crystals by 1.3-Mev Electron Bombardment* 


M. A. Pomerantz, R. A. SHatas, AND J. F. MARSHALL 
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Currents induced by the passage of a pulsed beam of essentially monoenergetic 1.3-Mev electrons through 
thin single crystals of MgO have been observed. The bombardment-induced current is proportional to the 
applied voltage in accordance with theoretical expectation. The lifetime of the charge carriers before trapping 


is approximately 3X10 sec 


Peper neihapsects pulses arising from the passage 
of ionizing particles through various crystals have 
been observed by a number of investigators seeking 
materials suitable for application as solid conduction 
counters.! Bombardment-induced currents in very thin 
dielectric films,’ in zinc blende crystals,’ and in diamond* 
have also been measured. Thin samples of germanium 
were bombarded by 340-kev electrons from an electro- 
static generator in 1-usec pulses, and a variation of the 
resistance as a function of time was observed.* The only 
comprehensive series of experiments from the point of 
view of the properties of solids were performed by 
McKay,‘ who bombarded a diamond with electrons 
having energies up to 14 kev. In this case, the range of 
the primary electrons is very short compared with the 
thickness of the target. 

By irradiating a thin target with 1.3-Mev electrons, 
it has been possible to observe currents induced by the 
passage of essentially monoenergetic primaries through a 
single crystal of MgO. The collimated beam from the 
linear accelerator, in the form of 1l-usec rectangular 
pulses, impinges upon the specimen and is stopped in a 
carbon trap after emergence. Internal secondary elec- 
trons produced uniformly along the path of the primary 
through the crystal are thereby lifted from the filled 
band to the conduction band, where they (and the 
corresponding holes in the filled band) drift under the 
influence of the field maintained by the application of a 
potential difference between very thin silver films de- 
posited on the two faces. As a consequence of trapping 
of the carriers, the mean drift distance is very short 
(<10~ cm). When the primary electron beam is on, a 
flow of charge which may be regarded as a displacement 
current is observed by means of an integrating micro- 
microammeter which measures the average crystal] cur- 
rent, /.. The corresponding primary (trap) current, /,, 
is measured simultaneously. 

Alternatively, the 1-usec conductivity pulses may be 


* Assisted by the Office of Ordnance Research, U. S. Army 
by R. Hofstadter, Nucleonics 4, 2 (1949) ; 


See review articies 


5, 29 (1949); Proc. Inst. Radio Engrs. 38, 726 (1950); also F. ¢ 
Champion in Progress in Nuclear Physics (Pergamon Press, Ltd., 
London, 1953), Vol. 3, Chap. 6 


2 F. Ansbacher and W. Ehrenberg, Nature 164, 144 (1949 
M. F. Distad, Phys, Rev. 55, 1146 (1939) 
‘K. G. McKay, Phys. Rev. 74, 1606 (1948) ; 77, 816 (1950 
*K. Lark-Horovitz, in Semi-Conducting Materials (Butter- 
worths Scientific Publications, London, 1951), p. 64 


displayed oscillographically. In this case, the relatively 
small space-charge effects which are observed to occur 
as a result of the trapping of carriers can be eliminated 
by reversing the polarity of the crystal voltage, V,, 
prior to each successive pulse by means of a flip-flop 
circuit. No buildup of space charge is visible during an 
individual microsecond pulse, but a slight decrease in 
T, occurs some time after the onset of bombardment if 
the direction of the field remains constant. 

Since the mean drift distance in the direction of the 
field is short compared with the thickness of the crystal, 
the bombardment-induced current per unit primary 
current, m=J./I,, is given by 


m= b0V .7/d, (1) 


where 6 is the number of internal secondary electrons 
raised into the conduction band by one primary electron 
per cm of path, » is the average mobility of the carriers, 
Vis the voltage applied across the target of thickness 
d, and r is the lifetime of the carriers before trapping. 
A plot of typical data obtained under space-charge- 
free conditions is shown in Fig. 1. The experimental 
arrangement is also represented schematically. 
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The mobility, 2, can be estimated theoretically*® as 
per volt/cm for MgO. Similarly the 
value of 6 is approximately 4X 10° cr According to 


Fig. 1, md/V 1.210 Hence r, 
time of the carriers, is roughly 3x10 


about 100 cm/ se: 


the life- 
This is 


; a 
cm voit 


se 


consistent with the fact that, at room temperature, no 

*N. F. Mott and R. W. Gurney, in Electronic Processes in 
Tonic Cr Clarendon Press, Oxford, 1950), p. 107; H. Froh 
lich and N. F. Mott, Proc. Roy. Soc. (London) 171, 496 (1939 
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AS, AND MARSHALL 
time effects compatible with a lifetime as long as 10~* 
sec have been observed in oscillographic display of the 
pulses. 

In accordance with Eq. (1), the bombardment- 
induced current follows Ohm’s law up to the highest 
applied fields (~200kv/cm). Furthermore, for peak 
primary currents ranging from 2.5 wa to 2.5 ma, the in- 
duced current is proportional to the primary current. 
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The electrical conducti 


vity of InSb has been measured as a function of temperature from —78°C to 


+ 300°C and pressures up to 12000 kg/cm*. It is found that the activation energy increases at a rate 
5X 10~* ev/ (kg that the electron mobility is approximately inversely proportional to the activation 
erg and that the hole mobility is independent of pressure. On the basis of these mobility effects it is 
) ed that the & of the valence band energy extremum is not zero. An examination of the effects o 
t e ar emperature above 200°C suggests that there are three or four equivalent energy minima it 
‘ mar | 


1, INTRODUCTION 


HE un the semiconducting 


usua properties ot 


compound InSb, in particular the extremely 
high electron mobility and the partial degeneracy of 
the electron gas have recently attracted much 


interest. The significant variations in the energy gaps 
‘-* which are produced by hydrostati: 


} 


pressure suggested thi 


of semiconductors 
it some light might be cast on 
these unusual properties by a study of their variation 
vired the work reported here 
InSb 


with pressure and insj 


For certain characteristic of which 


are not evaluated here reference has been made to the 


quantities 


extended investigations of Madelung and Weiss' and 
Austin and Met . 


the conductior 


lymont.? In some cases constants of 
band have been estimated, in the 


ibsence of any more acceptable theory, from the 


4 


perturbed free electron model of the electronic states 
rhe 
in InSb lend some plausibility to this approximatior 


An 


been performed by Long and Miller’ over a considerab 


small values of the energy gap and effective mass 


experiment similar to the one reported here has 





more restricted range of conditions 
O. Madelung and H. Weiss, Z. Naturf 9a, 527 4 
1. G. Austin and D. R. McClymont, Physica 20, 1077 (195 
E. Burstein, Phys. Rev. 93, 632 (1954 
|. Bardeen, Phys. Rev. 75, 1777 (1949 
*R. W. Keyes, Phys. Rev. 92, 580 (1953 


*C Kittel, /nireduction Solid State Physic John Wiley a 
Sons. Inc.. New York, 1953 

’D. Long and P. H. Miller, Jr., Bull. Am. Phys. Soc. ® 
No. 1, 53 
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2. MATERIAL 


n- and p-type specimens of InSb were generously 
provided by Dr. S. W. Kurnick of the Chicago Midway 
Laboratories. The »-type material was of high purity, 
the exhaustion low-field Hall 
constant of —6000 cm'*/coul, indicating a donor 
concentration of 10'* cm~*, and a mobility (Re) of 
80 000 cm?/volt sec at 77°K. The Hall constant of the 
p-type material at low temperatures was 70 cm*/coul 
and the acceptor concentration thus was 10'7 cm 


laving in region a 


260°¢ 


77% 


} 


100°C 





a 








5, 
2 4 6 3 0 2 
10°/T#K 
Fic. 1. The temperature dependence of the conductivity at 


atmospheric pressure of the materials used for this experiment 











ELECTRICAL CONDUCTIVITY 


The conductivity of both materials at atmospheric 
pressure is shown in Fig. 1 throughout the temperature 
range of interest. 


3. EXPERIMENTAL 


The high-pressure system used was of the usual 
Bridgman type.* The temperature was controlled by 
immersing the high-pressure vessel containing the 
sample in a heated or cooled liquid bath. The pressure 
generating and measuring apparatus was separated from 
the sample container by a connecting pipe as described 
by Kurnick.’ From —80°C to + 100°C isopentane was 
used as the pressure transmitting fluid; from +100 to 
+ 300°C a silicone oil was used. Pressure was measured 
in the conventional Bridgman way with a manganin 
wire resistance gauge calibrated at the freezing point 
of mercury. 

For the determination of the conductivity, samples 
1 mmX2 mm X1 cm were cut from the original ingots. 
Spring contacts of Nichrome wire were used as elec- 
trodes. The conductance of the samples was determined 
by the direct current-potentia] probe method; a Leeds 
and Northrup Type K potentiometer was used to 
measure the potential drop in the sample and the 
potential across a standard resistor in series with the 
sample. Readings were taken for both directions of 
sample current. 


4. RESULTS AND DISCUSSION 


The principle data are presented in Figs. 2 and 3, 
which show the conductivity as a function of pressure 
for several temperatures between — 80°C and + 100°C. 














Pressure O° kg/c 


Fic. 2. The conductivity of the »-type InSb as a function 
of pressure at several temperatures. 
*P. W. Bridgman, Physics of High Pressure (G. Bell and Sons, 
London, 1939 
*S. W. Kurnick, J. Chem. Phys. 20, 218 (1952 
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Fic. 3. The conductivity of the p-type InSb as a function 
of pressure at several temperatures. 


The qualitative features of the data are immediately 
apparent ; the initial rapid decrease in the conductivities 
is indicative of an activation energy which increases 
with pressure. At all temperatures for which curves 
are given, an appreciable number of “‘intrinsic”’ carriers, 
or carriers due to electrons excited across the gap from 
the valence to the conduction band, are present at 
atmospheric pressure. As the activation energy increases, 
the number of intrinsic carriers decreases, and the 
sample approaches the “exhaustion”’ region of conduc- 
tivity, in which the number of carriers is constant and 
is determined by the impurities in the sample. This 
accounts for the leveling of the curves at high pressure. 
The P sample at 0°C is in the exhaustion region above 
6000 kg/cm?*, and the constancy of the conductivity 
from 6000 to 12 000 kg/cm? shows that the hole mobility 
is independent of pressure 

The phenomena in the n-type sample are slightly 
more complex. Use of the value to be derived for the 
rate of change of activation energy with pressure shows 
that at —78°C the conductivity due to intrinsic carriers 
is negligible above 4000 kg/cm*. The continuing 
decrease of conductivity above this pressure is therefore 
due to a decreasing electron mobility. It can be seen 
from Fig. 1 that the donor impurities are just beginning 
to deionize at 100°K, and a very large change in donor 
ionization energy would be required if we attribute the 
decrease in conductivity above 4000 kg/cm? to a change 
in the number of current carriers. In addition, the 
constancy of the conductivity from —78°C to —56°C 
at 8000 kg/cm? reinforces the belief that the donors 
are completely ionized. 

The analysis of the results in terms of a few param- 
eters will be described in some detail, since its under- 
standing is necessary in evaluating the significance of 
these parameters. The conductivity is given by the 
formula 


o= (npnt puye, (1) 
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The quantities to be determined are now » and s. 
At each temperature values of these quantities which 














] gave a reasonable representation of the observed 
curves were found by trial. The curves drawn in Figs. 
at | 2 and 3 were calculated from the selected values of s 
E 10; | and v. It was found that a single value of v, namely 
—e | | v= 15.5 10~* ev/ (kg/cm?) = 15.3 cm*/ mole, was satis- 
: ‘ | factory for all the data. The necessary values of s were . . 
ill all of the order of one and are shown in Fig. 5. 
It should be pointed out that the effect of pressure 
on the conductivity over most of the region studied is 
primarily due to the variation of the activation energy ; P 
300 400 500 and that the calculated value of »v is very insensitive 
apne to the assumptions made about the variation of 
Fic. 4. The quantities NV pune and N auye as functions of tempera mobilities and density of states. These details were 
rey ba ee ee ee Hall © 'y, while presented in order to explain what is meant by s. 
eee Values of s are determined most accurately by the data 
where the carrier densities are determined by at —78°C and —56°C, where the exhaustion range is 
attained at high pressure. 
np=nie™ 2 
_ 5. DISCUSSION OF THE MOBILITY 
n+Na=ptNo . The large change of electron mobility with pressure 
In the p-type sample, we have set Vp=0 and in the Suggests that the band separation at the k value 
n-type sample V4=0, and in addition neglected the Characteristic of the electrons has changed by an 
conductivity due to the holes in the n-type sample. appreciable fraction, which implies that the separation 
[he impurity concentrations were determined by 0f the order of the thermal activation energy. On the 
measurement of the Hall constant in the exhaustion other hand, the negligible change of hole mobility 
range. The temperature variation of the electron means that the band separation at the K of the holes 
mobility was found by measuring the Hall constant from _ is large. Since there is evidence that the electrons have 
77°K to 144°C. The temperature variation of the hole & near zero,'®" this means that the holes are not at 
mobility was found from the impurity conductivity, k&=0. Thus the E(k) curves must have roughly the 
which was in turn determined by fitting the o vs P form of Fig. 6, in which the band separation increases 
curves at the high pressure end. These mobility varia~ rapidly as k goes away from zero because of the small 
tions are shown by Fig. 4, in which Vau,ye and Vpuse effective mass of the electrons (m*=0.013mp)." 
are plotted against temperature. Data from the It is of some interest to compare the result u~W 
low-temperature exhaustion range of the p-type sample obtained in the preceding section with theoretical 
are also included : interpretations of mobility. Explicit formulas have 
lo take account of pressure variation in Eq. (2 tis alae Cir ei nails « £2) lanl Cinmeatin 
een derived for three mechanisms: 10N1Z impurity 
it was rewritten 
np= nore WoetP 1 ni(p) Pe Po/kT j 4 T , . 
Che pressure dependence of mn, is due to the fact that @ N type 
it includes a factor (m,*m,*)' which may depend on 1.2} + iF 
the energy gap. Because the hole mobility is independ * , 
ent of pressure we assume that m,* is also indepent of s 


pressure. We estimate the pressure variation of m,* 


o 
7 


from the perturbed free electron calculation of energy ° e | 
levels in a periodic potential,* according to whicl 
m*~W. At P=0, m,(0) is calculated from Eqs. (1), | ° | 
3 +), and then m,(P) by the formula ,(P a ae 
W'o)*n, (0). In order to represent the mobility vamporatere 





variation in terms of a physically significant parameter Fic. 5. Values of the exponent in the expression u~W* 

we write u,.~W~*. A value of W is not obtained in the tomes By fitting the data of Figs. 2 and 3 in the way described 

present experiment and for the purpose of these calcula- veri 

tions a value 0.25 ev has been used throughout, in Dresselhaus, Kip, Kittel, and Wagoner, Phys. Rev. 98, 556 
1955 


agreement with thermal energy gap and _ infrared ‘ 
, . . I G. L. Pearson and M. Tannenbaum, Phys. Rev. 90, 153 
absorption measurements at low temperatures 1953 
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scattering, (2) neutral impurity scattering,” and (3) 
deformation potential scattering."* Dependence of the 
mobility on the energy gap enters these formulas 
through the effective mass and the dielectric constant. 
For the former we assume as previously m*~W, for 
the latter we assume the Moss relationship, W 
=constant,'* where « is the effective dielectric constant. 
(1) The well-known Conwell-Weisskopf formula is 


27/2x2(RT)3/? OxdkT \? re 
u toe i+( : ) : (5) 


Nw m* 2 e 


and thus, with our assumptions, u~W~!. The exponent 
—% cannot be regarded as inconsistent with the data 
presented above. Figures 1 and 4 show however that 
the temperature dependence of the mobility is not 
correctly described by this formula, and in addition 
the numerical result for the mobility at 200°K using 
N=10" cm™ is p=3X10* cm?/volt sec, much larger 
than the observed value in the n-type sample. 

(2) The constancy of the electron mobility over a 
large range of temperature would be expected according 
to the formula of Erginsoy, 


p=er/m*=8r'm*e8/ 20KNh'. 


The pressure dependence of yw according to this 
formula is w~W!, a result not in agreement with the 
data. 

(3) The deformation potential! formula is 


Sar)" 2ehtC 
pl® ; ( ), (6) 
m*5/2p3/2 F 2 











Fic. 6. A dependence of energy on & which explains the variation 
of the mobilities with pressure and is consistent with the magneto 
resistance and cyclotron resonance experiments 


2 C. Erginsoy, Phys. Rev. 79, 1013 (1950) 

% J. Bardeen and W. Shockley, Phys. Rev. 80, 72 (1950 

‘T. S. Moss, Photoconductivity in the Elements (Academic Press, 
Inc , New York, 1952 
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Fic. 7. The conductivity of m- and p-type InSb as a function of 
pressure at temperatures between 200°C and 300°C 


where C is the elastic constant for longitudinal sound 
and E,=V(dW/dV). In the perturbed free 
electron approximation W is a Fourier coefficient of 
the potential in which the electrons move. Since this 
any unusual 
features when W is small the pressure variation of EZ, 
should not be marked. Consequently u~W~*”?, suggest- 
ing a stronger pressure dependence of 
mobility than that which is actually found. 

In order to calculate » numerically, the elastic 
constants must be known. An estimation of these by 
using a Lindemann relation in the form CV /7,,,=con- 
stant with C V=molar volume, 
T »= melting compare InSb 
germanium suggests that the els stic constants of InSb 
are about half those for germanium. Thus, attributing 
the entire gap variation to the conduction band, we 
use E,=6 ev and C=0.75X10" dynes/cm? and find 
at 300°K that ~=10" cm*/volt sec. The main reason 
for this extremely high value is the small effective mass. 
Dilation may, of course, shift both band extrema in the 
same direction, and if £,,= 60 ev the calculated mobility 
is of the correct magnitude. This possibility cannot be 


waves 


potential is not expected to exhibit 


somewhat 


elastic constant, 


temperature to with 


definitely rejected. 
6. HIGH-TEMPERATURE MEASUREMENTS 


Some data obtained up to 8000 kg/cm?* in the 
temperature range 200°C-300°C are presented in Fig. 
7. Comparison of these curves with those of Figs. 2 and 
3 shows that the ressure dependence of the conductivity 
is distinctly smaller. The reason for this can be seen 
from the work of Madelung and Weiss,’ who have 
concluded that at high temperatures the Fermi level 
approaches the bottom of the conduction band and the 
Boltzmann approximation to the Fermi distribution 
function is not adequate, or, in other words, the 
electron gas becomes degenerate. In order to confirm 
and amplify the picture of the high-temperature 
conductivity formulated by Madelung and Weiss the 
high-temperature data of Fig. 7 have been examined 
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closely and an attempt has been made to derive values 
of some parameters characteristic of InSb which allow 
a consistent representation of this data. 

At high temperatures the equation which determines 
the Fermi level is 
(7) 


V £4, IF, —w—€ = (dy W)NatNgae IF, (E). 


(The donor concentration in our samples is entirely 
negligible at the temperatures in question and has 
been set equal to zero.) In this equation 


V.=2(2emkT/h*)}, 
g. and g. are the degeneracies of the extrema of the 
of the valence band and the conduction band, respec- 
tively, and the a’s are the effective mass ratios, mo/m*, 
in the case of spherical energy surfaces and more 
complicated functions of the effective mass tensor which 
give the density of states in the case of ellipsoidal 
surfaces. Energies are measured from the bottom of 
the conduction band; the magnitude of the gap is 
wkT and the energy of the top of the valence band is 
wkT. The Fermi level is at energy £7. The acceptors 
F,(&) Fermi 
integral, tabulated by McDougall and Stoner.'® By 


are assumed completely ionized is the 
using the Boltzmann approximation for the holes in 
f. 

2\.2-, we transform Eq. (7 


the valence band and defining y= (g (a,/a-)! and 


to 


f= (\/r)N ya! 


qg-= = yell Fy (¢ + f | (8) 


If an energy-independent mean free path for the 
electrons is assumed and the hole mobility is neglected, 
the conductivity is related to the Fermi level’ by 
tps. 

Since no temperature dependence of v appeared in 
the low temperature data, the value derived there, 
v= 15.5 10~* ev/kg/cm’, is used here. In view of the 
scatter of the points of Fig. 5 and the uncertainty of 


a= 6 log(1+e) with ¢=Na 


the value of s to be expected theoretically, the introduc- 
tion of additional parameters to describe the mobility 
variation would not be meaningful, and the expression 
u~(Wo+Pr)-* is used in this section in the identical 
form as_ before, W=0.25 s=1.0, the 
arithmetic mean of the values given in Fig. 5 

By using the m* of reference 10 and an electron 
un=3X10 cm?*/volt 500°K 
10g, cm). If g.=1, 
observed conductivity that ¢=+4, 
reconciliation of this value with the infrared energy 
2x10. When level 


this high the dependence of the conductivity on & 


with ev and 


we 
the 
and 


mobility sec at 


calculate @ to be (ohm 

requires 
gap requires y= the Fermi is 
is 
very weak, and the conductivity calculated as a function 
of temperature or pressure varies much too slowly. 


We therefore conclude that g.>1 and use g.=3 in 


trying to reproduce the pressure effect, since, although 


higher values are not excluded by the data, very high 


% 7. McDougall and E. C Soc. (London 


A237, 67 (1938 


Stoner, Trans. Roy 


Ww. 


KEYES 


multiplicity is not to be expected for spherically 
symmetrical energy surfaces. Another possibility is 
that the effective mass measured at 4°K is not the 
correct one to use at high temperatures. 

Knowing g, and NV, allows us to calculate f for the 
p-type material, while for the n-type material, f=0. 
Then Eq. (8) can be solved for £ and the conductivity 
obtained as a function of y and w. The rate at which 
o changes with pressure depends on y and on the value 
of w at P=0. The energy gaps at P=0 which best 
reproduce the data of Fig. 7 are shown for two choices 
of y in Fig. 8. It is seen that y= 0.02 gives fair agreement 
between the gap derived from the V sample and the 
extrapolated infrared absorption edge of Austin and 
McClymont,‘ while y=0.01 results in better consistency 
of the data from the nm- and p-type samples. Because 
the mobility effects discussed previously and the cyclo- 
tron resonance experiment’ suggest considerable com- 
plexity in the structure of the valence band extrema, no 
attempt has been made to draw inferences from the 
values of a, and g, suggested by these values of y. 


7. CONCLUSIONS 


The compound InSb is somewhat similar to german- 
ium in the magnitude of the dependence of energy gap 
on dilation, but the very small effective mass leads to a 
deformation potential scattering 100 or 1000 times 
smaller for InSb. However, none of the conventional 
scattering mechanisms appear to provide sufficient 
scattering to limit the electron mobilities to the 
observed values. Adams" has pointed out that electron- 

P sample WN sample 

level , 

valence band . 
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mus onc WIC uly 

















Fic. 8. The values of the energy gap at P=0 and the correspond- 
ing Fermi levels which give the best fit to the pressure dependence 


of the conductivity illustrated in Fig. 7. 


‘* E. N. Adams (private communication) 





ELECTRICAL 


hole collisions'’ provide sufficient scattering to limit the 
mobility to the observed values at high temperatures 
and may be the dominant mechanism there. Using the 
estimate of FE, previously given and the thermal 
expansion coefficient a= 14.4 10~* deg~ of Mokrowski 
and Regel,'* the change of activation energy with 
temperature due to thermal expansion of the lattice 
can be calculated. It is 1.0 10~* ev/deg, which is to 
be compared with the value 2.6X10~ ev/deg derived 
from the shift of the infrared absorption edge by 
Austin and McClymont.? Even allowing for possible 


“17 F. J. Morin and J. P. Maita, Phys. Rev. 94, 1525 (1954). 
‘8H. P. Mokrowski and A. R. Regel, J. Tech. Phys. (U.S.S.R.) 
22, 1281 (1952). 
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error in the compressibility, a considerable portion of 
the temperature variation of the gap must be attributed 


to direct electron-phonon interactions. 
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Distribution of Electrons Scattered by Gold* 
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The distribution in energy and angle of 20-kev electrons scattered by gold has been measured. The 


energy resolution is better than 0.1 percent and the angular resolution better than 10~* radian. Data are 


presented for gold of different thickness and degree of crystal orientation and for grazing angle reflection 


LTHOUGH the interactions of electrons with 
matter have been extensively studied in the past, 

most of the interest has been directed either to incident 
energies so high that the most important contribution 
to the scattering is nuclear, or to energies of at most a 
few hundred electron volts where secondary emission 
is of primary interest. With a few notable exceptions,! 
the range of energies from a few kev to one hundred kev 
has until recently been neglected. Yet this region of the 
energy spectrum can give information on the imaginary 
part of the complex dielectric constant used in the semi- 
classical theory of stopping power, or from another 
point of view, information on the density effects on the 
elementary interactions processes. This knowledge is of 
interest both to the solid state and radiation physics. 
Interest in this region was revived in Germany just 
after the war when Mollenstedt? with the aid of an 
improved electrostatic analyzer, began to study the 
energy losses of electrons in the forward direction 
(0-10 rad). This work was extended by the studies 
of Marton and Leder’ in America and workers in Japan 
and Germany.‘ The interest was centered on the charac- 

* This work was in part supported by the Office of Naval 
Research. 

'G. Ruthemann, Naturwiss. 29, 648 (1941); Ann. Physik (6) 
2, 113 (1948); W. Lang, Optik 3, 233 (1948) 

2G. Mollenstedt, Optik 5, 499 (1949); 9, 473 (1952). 

*L. Marton and L. B. Leder, Phys. Rev. 94, 203 (1954); 
L. B. Leder and L. Marton, Phys. Rev. 95, 1345 (1954). 

*H. Watanabe, J. Phys. Soc. Japan 9, 920 (1954); 9, 1035 
(1954); Phys. Rev. 95, 1684 (1954); W. Klein, Optik 11, 226 
(1954 


teristic losses of the scatterers which are more or less 
discrete losses ranging from 1 to 100 electron volts. 
With a modified Mollenstedt apparatus Leonhard’ and 
Watanabe® have extended these measurements to in- 
clude the distribution in angle. The electrostatic ana- 
lyzer when used in this manner is somewhat unsatis- 
factory, being nonlinear in energy and intensity and 
having a poorly defined acceptance angle. 

To overcome these limitations we have constructed 
an apparatus using a double-focusing magnetic analyzer 
and the geometry shown in Fig. 1. This instrument, 
which will be described in detail elsewhere, is automati 
in operation and gives a record of the energy spectrum 
of the scattered electrons with an energy resolution of 
better than 0.1 percent at angular intervals of less than 
10°* radian overa range of 300 degrees. The relative value 


ELECTRON GUN ANALYZER MAGNET 











PHOTO 


Fic. 1. Electron trajectory showing relative placement of principal 
elements of the scattering instrument 


* F. Leonhard, Z. Naturforsch. 99, 727 (1954). 


*H. Watanabe (private communication) 
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Fic. 4. Carto- " 
graphic plot of F ree Te 
the distribution 
of 20-kev_ elec 
trons scattered 
by 100 A single 
crystal gold. The 
abscissa is angle, 
the ordinate en 
ergy loss in ev, 
and the contours 
of equal intensity 
in 10-" ampere. 
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Fic. 6. Data from Fig. 5, left, replotted on log-log scale 


of the energy loss is more precise than the absolute 
values, for which the error in calibration may be as 
large as 5 percent of the loss 

The results of a study of scattering of 20-kev elec- 
trons by Au is presented in Figs. 2-6. The films of 
spectrochemically pure gold, which were of different 
thickness and degree of orientation, were prepared by 
vacuum evaporation. The degree of orientation in the 
polycrystalline samples was controlled by rate of 
evaporation, slow evaporation giving larger crystal- 
lites than rapid evaporation. To prepare single crystals, 
the gold was evaporated upon a rock salt substrate 
which was heated to 400°C. Under these conditions 
good single crystals are produced by epitaxy. Figure 2 
is a cartographic presentation of the scattering from a 
polycrystalline gold foil of 100A thickness. The X 
coordinate is angle, Y is energy loss, and Z is intensity 
which is represented by lines of equal value. Because 
of the range of intensities covered, these contours are 
given on a logarithmic scale. This logarithmic scale 
must be considered if the cartographs are read as 
contour maps, since the low levels are emphasized. It is 
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Fic. 7. Sketch of the geometry used to obtain scattering pattern 
shown in Fig. 8. The source of the zero angle and scattered maxima 
are shown 








this fact that makes the portion below the zero axis, 
which is due to finite line widths and phosphor decay 
time, appear so prominent. A less distorted view of the 
energy profile can be seen on the right of Fig. 3. This 
figure shows that the intensity distribution on a linear 
scale is a function of energy at selected angles. To the 
left of Fig. 3 is plotted the intensity as a function of 
angle*at the fixed energy losses of zero ev and 24 ev. 
It is interesting that from an initially higher value the 
zero-loss line falls below the characteristic loss at an 
angle of 20 minutes and continues below until it rises 
more rapidly and recrosses the loss line at the first 
diffraction maximum. The fact that the loss line also 
rises lends support to the suggestion of Farnsworth’ 
that the scattering is a two-step process with the loss 
occurring before or after the diffraction. The long flat 
region between the initial fall-off and the first diffraction 
suggests that a screened Coulomb interaction plays a 
major role. 

Figures 4 and 5 present similar data for a gold single 
crystal of 100-A thickness. The scattering pattern is 
similar to that just discussed. Figure 6 shows the fall-off 
of the center maximum plotted on a log log scale. It is 


TaBLe I. Comparison of some scattering characteristics for 
different degrees of crystal orientation and thickness of gold. 
I; is the elastic scattering intensity, J. the characteristic energy 
loss intensity, and @ the angular position at which /.)//..=1 


I ut 6 (X10 radian 
( | z rd at lei/len =1 
100 A single crystal 6 4.9 
100 A large crystallite 4 3.9 
100 A small crystallite 5 5.5 
200 A small crystallite 3.6 44 
400 A small crystallite 2.9 3.1 


obvious that no simple power law is obeyed; the linear 
portion of the zero-loss curve falls as the sixth power 
while the characteristic loss falls as the third power of 
the angle. 

Table I gives a summary of the most prominent 
effects of varying the thickness and degree of crystalline 
orientation (crystallite size) of the scattering foil. The 
first column gives the degree of crystalline orientation 
(crystallite size) judged by the visibility of the diffrac- 
tion pattern, the second the ratio of the elastic to 
characteristic loss at zero angle, and the third the 
smallest angle at which the cross sections are of equal 
value. It will be noted that as the thickness increases 
the relative value of the loss peak increases while the 
cross over is moved to lower angles. The effect of 
crystalline orientation is less clear-cut. 

The geometry used to study Au at almost grazing 
incidence is sketched in Fig. 7. In this case the specimen 
was a thick (>1 micron) polycrystalline film deposited 
on fire polished glass. In the cartograph of Fig. &, the 


7 J. C. Turnbull and H. E. Farnsworth, Phys. Rev. 54, 509 
(1938). 
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Fic. 8. Cartographic plot of reflection of 20-kev electrons by gold. Note lack of marked specular reflection and wide 
energy spread of scattered beam. The extreme extension of the contours at zero angle to regions above the zero loss is a 


result of finite detector time constant and is not significant 


unscattered portion of the initial beam can be seen to 
the left followed by the region in the shadow of the 
sample and the region of reflection. It will be noted that 
even at less than 10~* radian there is no clearly defined 
specular reflection. Neither of the two small maxima 
can be definitely identified. The most notable difference 
between this and the transmission samples is the much 


wider distribution of energy in the scattered beam. 
This broadening is to be expected since multiple events 
are now far more probable. The broadening in angular 
distribution is similarly explained. 

These studies are being extended to other materials 
while efforts are being made to increase the energy 
resolution of the instrument. 
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Electronic Energy Bands in Iron*t 


Joseru Cattawayt 
Department of Physics, University of Miami, Coral Gables, Florida 
Received March 25, 1955) 


The method of orthogonalized plane waves has been used to calculate the energy band structure of 
valence electrons in iron. Application of the results is made to the energy band theory of ferromagnetism 
The exchange splitting of the energy bands and the tendency to ferromagnetism at absolute zero have been 


calculated 


INTRODUCTION 


CALCULATION of electronic energy bands in 
iron is of interest for the information it may re- 
veal about the theory of ferromagnetism. The form of 
iron considered here is a iron, which has the body- 
centered cubic lattice! The band structure of this 
form of iron was first calculated by Manning,’ who 
used the cellular method. The results reported here 
bear little quantitative resemblance to those of Manning. 
The calculation was performed principally by the 
orthogonalized plane wave (OPW) method.’ In this 
method, the wave function for the states of interest is 
expanded in orthogonalized plane waves, which are 
plane waves made orthogonal to the assumed known 
eigenfunctions of the core electrons. The states of 
interest here are those formed from the 3d and 4s 
atomic levels. The OPW method requires solution of a 
determinantal equation of high order and would be im- 
practical if high-speed electronic computing facilities 
were not available. Success of this method depends on 
the core functions to which the plane waves are made 
orthogonal being reasonably close approximations to 
eigenfunctions of the crystal potential. Because of the 
inclusion of exchange in the crystal potential where the 
core functions are formed from a Hartree free atom 
field, this condition is not satisfied. Consequently the 
OPW method failed for states of S-like symmetry and 
these had to be treated by the cellular method.‘ Also, a 
modification of the OPW method had to be made to 
obtain reasonable convergence of the expansion for 
states of D-like symmetry since these are orthogonal by 
reason of symmetry to all the core eigenfunctions. This 
is accomplished by adding to the expansion a function 
having the character of an atomic d function close to 
any nucleus.‘ 
* Preliminary results were presented at the New York Meeting 


of the American Physical Society, January 27, 1955 | Phys. Rev 
98, 1150 (1955)] 
¢ Part of material contained in a thesis submitted to the faculty 
of Princeton University in partial fulfillment of the requirements 
for the degree of Doctotor of Philosophy 
t National Science Foundation Predoctoral Fellow, 1953-1954 
' The lattice parameter is taken to be 2.86645 10~* cm. The 
radius of the atomic sphere is then 2.667 Bohr units. D. E. Thomas, 
J. Sci. Instr. 25, 440 (1948 
*M. F. Manning, Phys. Rev. 63, 190 (1943 
*C. Herring, Phys. Rev. 57, 1169 (1940 
‘A discussion of some features of the OPW method especially 
sertinent to this calculation is given by J. Callaway, Phys. Rev 
7, 933 (1955). 


The principal physical problem in a band structure 
calculation is the determination of a crystal potential. 
If it were possible to calculate a self-consistent field for 
a crystal, errors in the assumed potential would be 
eliminated when the final result was obtained. Calcula- 
tion of a self-consistent field for iron is impractical with 
present computing techniques, and it is unfortunately 
true that some of the results are sensitive to the choice 
of potential. Some features: the relative positions of the 
d-band levels at symmetry points in the Brillouin zone, 
and the exchange splitting of corresponding states of 
electrons of + and — spin are reasonably insensitive to 
details of the potential. Other results, such as the width 
of the d band and the relative position of the 3d and 4s 
levels at the center of the Brillouin zone, are much 
more sensitive to the potential and must be viewed 
with some reserve. 

The calculation can now be outlined briefly. A start- 
ing charge density was formed from superposed Hartree 
charge densities for the d*s? configuration of the free 
iron atom arranged in the proper crystal lattice. The 
starting potential was computed from this; exchange 
effects for a nonmagnetic state were included by means 
of Slater’s free electron approximation to the exchange 
potential.’ Convergent OPW expansions were obtained 
for nine states in the Brillouin zone: I'ys, T's5-, Tis, Ay, 
Hw, Hy, Nz, Na, and Ny An interpolation scheme 
recently proposed by Slater and Koster® was used to 
extend these results to other states. 

The width of the 3d band was calculated to be about 
two electron volts. The separation of the 3d levels at 
the center of the Brillouin zone is considerably smaller 
than it is at the corners and faces of the zone. The charge 
density of the 3d electrons is more compact than that 
of the Hartree free atom field. This is due to the in- 
clusion of exchange, and is in agreement with the 
interpretation of neutron polarization experiments.’ 

The relative position of the 4s and 3d bands is sensi- 
tive to the potential used and is apparently incorrectly 
given by the potential mentioned. The 4s band was 
predicted to be above the 3d band at all points. An im- 
proved potential was obtained by assuming seven 3d 
electrons instead of six and by recalculating the ex- 
change potential on the basis of the Hartree-Fock equa- 


* J. C. Slater, Phys. Rev. $1, 385 (1951). 
* J. C. Slater and G. F. Koster, Phys. Rev. 94, 1498 (1954). 
7 J. Steinberger and G. C. Wick, Phys. Rev. 76, 994 (1949). 
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tions. It was revealed that the Slater free electron 
approximation overestimates the exchange energy by 
about 15 percent for 3d electrons and by 20 percent for 
4s electrons. The improvement in potential taken in 
first order perturbation theory placed the 4s level I’; 
about 1.4 ev below the bottom of the 3d band. 

Application was made to the theory of ferromagnetism 
by calculating from the Hartree-Fock equations the 
change in potential energy of a 3d electron when one 3d 
electron per atom reverses its spin. This energy was 
found to be between 1.23 and 1.58 ev. A density of 
states curve was calculated for the unmagnetized state, 
and the change in kinetic energy upon magnetization 
was computed to be 0.69 ev. This gives a tendency to 
ferromagnetism between 0.54 and 0.89 ev at absolute 
zero. This is considerably too large. Most of the error 
probably results from underestimation of the change in 
kinetic energy caused in turn by underestimation of the 
d-band width. 

The exchange splitting of the band structure was 
considered. Corresponding states of D symmetry are 
separated by a gap or the order of 3 ev; the S-like levels 
I’, are separated by about 1 ev. A total band width of 
4.1 ev from the bottom of the 4s band to the Fermi 
level in the 3d band (magnetized state) was obtained. 

Finally, on the basis of this calculation, one would 
expect a rigorous self-consistent field calculation of the 
energy levels of electrons in iron would give overlapping 
d and s bands with a d-band width of the order of 
that which has been estimated empirically, and would 
give an energy change on magnetization which might 
be of the same order as the observed change, or which 
might be considerably larger (due to neglect of corre- 
lation). 

CRYSTAL POTENTIAL 


The energy band theory of solids is conceptually 
based on the Hartree-Fock equations. However, it has 
not been possible to solve the Hartree-Fock equations 
exactly for a solid. There are two principal difficulties: 
(1) The effective potential for an electron state ¥,' (ith 
irreducible representation of wave vector k) depends 
on y¥;' and is different for each state y,". This leads to 
great complication and is almost never handled exactly. 
One approximation often used is that each electron 
moves in the field of an ion. It has also been proposed 
to simplify the Hartree-Fock equations so that there is 
a common potential for all states.6 One convenient 
method is by means of a free-electron approximation: 
it is assumed that the exchange potential at any point 
is determined by the local charge density of electrons 
of the same spin and is the same as for a free-electron 
gas of the same density. A somewhat better approxima- 
tion is to assume that the exchange potential is the 
same for all states of a given angular momentum and 
spin,® or in the case of a solid, is determined by the 


* Herman, Callaway, and Acton, Phys. Rev. 95, 371 (1954). 
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predominant angular momentum in the decomposition 
of ¥x' into spherical harmonics. 

(2) Since it is not practical to calculate a self-con- 
sistent field for a solid, a charge distribution or a po- 
tential must be chosen. In some cases, particularly the 
alkali metals, it is possible to use spectroscopic data to 
determine the potential (or an equivalent). For more 
complicated cases, recourse is made to a Hartree (or 
Hartree-Fock) field for the free atom and from this a 
starting charge density and a potential are computed. 
Since the charge density around an atom in the crystal 
may differ from what it is for a free atom, it is sometimes 
attempted to superpose free atom charge densities 
arranged on atomic sites in the crystal lattice. The 
numerical reliability of such procedures is questionable, 
but it is doubtful whether better methods are available. 

In this calculation, free atom charge densities ob- 
tained from the Hartree field for the d*s* configuration 
of atomic iron calculated by Manning and Goldberg’ 
placed on lattice sites were superposed. The result was 
spherically averaged and normalized to 26 electrons in 
the unit cell. For convenience in calculating exchange 
potentials, the d electrons were also treated separately. 
A Coulomb potential was computed from this charge 
density in the usual way, and an exchange potential 
was obtained by Slater’s free electron approximation 
for an unmagnetized state with three 3d electrons of 
each spin. In this approximation, 


V,=—6(3p,/4x)!; (1) 


V, is the exchange potential in atomic units for an 
electron of positive spin and p, is the local charge 
density of electrons of positive spin. 

The observed saturation magnetic moment of iron 
has been interpreted as indicating there are consider- 
ably less than two 4s electrons per atom in metallic 
iron.” Also, the reliability of the free electron approxi- 
mation to the exchange potential can be questioned. 
When it was found that the results obtained with the 
potential just described were unsatisfactory in certain 
respects, it was decided to investigate the effect of 
assuming that there are seven 3d electrons instead of 
six and of computing the exchange potential from the 
Hartree-Fock equations. An examination of various 
methods of averaging exchange potentials has been 
reported by Herman, Callaway, and Acton.* It can be 
deduced from the data in this paper that the free elec- 
tron approximation overestimates the exchange energy 
for a 3d electron by about 20 percent compared to the 
Hartree-Fock equations for the case of a free germanium 
atom. The situation turns out to be similar for iron. 

The Hartree-Fock exchange potential appearing in 
the wave equation for a state Wrim(r,;) may be written 


*M. F. Manning and L. Goldberg, Phys. Rev. 53, 662 (1938). 
“ N. F. Mott, Proc. Phys. Soc. (London) 47, 571 (1935). 
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as follows: 
) 
3s | Ts) Wnim(1s)dr2 Varvm’ (01) 
cs ™ Tis 
V nim(71) 
Waim v1) 
(2) 


The summation over n'‘l’m’ is restricted to all occupied 
states having the same spin as nim. If for a given n'l’, 
all the m’ states are occupied, the contribution to the 
exchange potential from those states is independent of 
m and m’. If a shell is incompletely filled, as is the case 
for the d electrons (assuming the unmagnetized condi- 
tion), some assumption has to be made about the 
occupancy of the m levels. For the purpose of calculating 
an exchange potential, it is convenient to assume, in 
the absence of other information, that they are occupied 
with equal probability. In this case, the exchange po- 
tential will 


will In calculating 
that part of the exchange potential for the state ’, that 


be spherically symmetric. 
is due to the interaction of the 3d and the 4s electrons 
it is sufficient to use just m/5 of the 4s-3d exchange for 
a closed 3d shell. (Here n is the number of 3d electrons 
of spin parallel to that of the 4s electron 

The situation is more complicated when one con- 
siders the 3d-3d interaction in calculating the exchange 
potential for a 3d state. It can be shown that the ex- 


change potential for a 3d electron in a closed shell can 





be written as 
2 2{ 
V sa(r) V 9(3d,3d,r)-4 V2(3d,3d.r)+ V4(3d,3d,r) } 
r 7| 
24 Pir) 3 \4 
+ > Vo(ns3d,r +-> V.(np.3d.r 
Ae Pulr) ls 
18 | Pas r 
LV i(np 3dr 3) 
35 IP. r 
where 
’ — 
Va(nl.n'l’r) f Paley Pawvln ( ) dr; 
r 
. ont 
+f PulryP r ) Ir, 4) 
a rT; 
and 
Pails 
Wnim(? V im (9,0), 5) 
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and the P,,; are normalized to one. Similarly, for the 


4s state [, we write (assuming closed shells) : 


2 1 ‘ 
V.= > Pa(r)¥o(4s,ns,r) 
r Py aml 
5 
+> Paplr) V1 (48,npr) + Pralr) ¥2(4s,3d,7) (6) 


“ D. R. Hartree and W. Hartree, Proc. Roy. Soc. (London 


A157, 490 (1936 
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Now suppose there are m 3d electrons of + spin. A 
simple argument shows that in order to preserve the 
spherical symmetry of the potential, one should modify 
Eq. (3) by multiplying the braces containing VY, and 
Y, by (n—1)/4, ie., we have 


2 > 2 (n—1) 
V sa = Y 9(3d,3d,r)+ 
r 7 
x{y. 3d,3d.r) + Y¥4(3d,3d,r) +--+, (7) 


the remainder being unchanged. This prescription will 
be seen at once to yield the correct result when the 3d 
shell is full, or contains but one electron. To obtain 
this result for a different case, consider the situation of 
two 3d electrons of + spin. Let one of the electrons be 
in the state m=0; the other is distributed with proba- 
bility } over all other states. The exchange terms in the 
Hartree-Fock equation, i.e., the coefficient of Y2(3d,3d,r) 
and ¥4(3d,3d,r) will be } of the closed-shell values plus 
certain terms which are not spherically symmetric. If 
we now say that the first electron is distributed with 
} over all the m levels, and average the 
exchange terms in this way, the nonsymmetric terms 
disappear, and we are left with just } of the closed-shell 
result. 

Under the assumption that for the purpose of com- 
puting a starting potential, all the m levels can be 
treated as degenerate, we have the following important 
result: for a 3d 
electron of + spin when we increase the number of 3d 
electrons per atom with positive spin by one is 


probability 


the change in the exchange potential 


1 


AV, «=—{ V'2(3d,3d,r) + ¥u(3d,3d,r)}, (8) 


i’ 


where this is to be taken with the proper algebraic sign 
to decrease the energies of these electrons. This result 
is useful when we wish to consider the ferromagnetism 
of iron. 

On the basis of these results, an improved exchange 
potential was calculated from the starting charge 
density for the unmagnetized state. It was found that 
the Slater free electron approximation to the exchange 
potential overestimates exchange badly for small r and 
is reasonably close for large r to the Hartree-Fock 
potential. If the expectation value of the difference 
between the Hartree-Fock and free-electron exchange 
potentials is found with the 3d radial function deter- 
mined for the state I'ss5-, the result is that the Slater 
approximation overestimates the exchange energy by 
0.49 Rydberg or 15 percent. 

The exchange potential for a 4s electron was then 
calculated from (6), using for the 4s wave function, 
the wave function for [, calculated by the cellular 
method. Since this function has nodes, the exchange 
potential has infinities, but these do not contribute to 
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the exchange energy, being removed when we calculate 
the expectation value. Except very close to one of the 
peaks in the exchange potential, it was found that the 
free-electron approximation overestimates the exchange 
potential. The error in the exchange energy for the T; 
state is 0.23 Rydberg or 20 percent. Most of this error 
seems to be due to overestimation of the interaction 
between the 4s and the 3d electrons. 

The usefulness of the free-electron approximation 
depends on the state considered and the accuracy re- 
quired. It seems to compare favorably with other 
methods of averaging exchange potentials.* Unfor- 
tunately, the dependence of the exchange potential on 
the wave function for the particular state may be too 
great to justify use of an exchange potential averaged 
over all states. Accuracy in the potential is important 
because of the sensitivity of some features of the band 
structure to details of the potential. 

The effect of using a Coulomb potential computed 
from a d’s' configuration of the free iron atom was also 
examined. The principal change comes from the fact 
that the charge density is now more compact and the 
potential is less attractive for moderate values of r. 
The expectation value of this change in potential found 
with the Iss, function (see next section) is 0.697 
Rydberg, while the change in exchange energy occa- 
sioned by increasing the number of 3d electrons by one 
is 0.035 Rydberg in the opposite direction. The state 
I’; is not affected so strongly ; the change in the Coulomb 
energy is 0.122 Rydberg while the change in the ex- 
change energy is —0.020 Rydberg. 

It was not feasible to examine the effect of the changes 
in potential on the bandwidth, since a repetition of the 
entire band structure calculation would have been re- 
quired in order to obtain an accurate answer. 


BAND STRUCTURE OF THE NONMAGNETIC STATE 


OPW expansions were constructed for the levels T;, 
I'y2, Tos, and I'y, at the center of the Brillouin zone; 
Hy, His, Hx, and Hy, at the corner point H, 2x/a 
(1,0,0); Ps and P, at the corner P, 2x/a(4,4,4); and 
Ni, No, Ns, and N, at the point V, 24/a(},4,0) which is 
the center of a face. The Brillouin zone for the body- 
centered lattice is shown in Fig. 1. As indicated in the 
introduction, the expansions for T;, H,, and N, gave 
unreasonably low energies. [; and H,; were treated by 
the cellular method. The expansions for P; and P, 
apparently did not contain enough plane waves to 
yield reliable results, but further calculations for P, in 
particular would have required a prohibitively large 
secular determinant to obtain accuracy commensurate 
with that obtained at I and H. It is believed that reli- 
able solutions from the point of view of convergence of 
the OPW expansions were obtained for the following 
nine states: I’;2, Iss, I's, Hi2, Hes, His, N2, Na, and Ng. 
The appropriate determinantal equations were solved 
on the high-speed electronic computing machine at the 
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Fic. 1. Brillouin zone for the body-centered cubic lattice 
Symmetry points and axes are indicated. 


Institute for Advanced Study, Princeton, New Jersey. 
All the eigenvalues and eigenvectors of the matrices 
(usually of seventh order) were determined in the 
process. 

The results of the calculation up to this point were 
unsatisfactory in one respect: the 4s level T; was 
placed some seven volts above the d band. This is 
contrary to reasonable expectations based on existing 
knowledge of the transition metals. This result prompted 
the previously mentioned study of the crystal potential. 
A potential was constructed, based on a d’s' configura- 
tion of the free iron atom (but with the same wave 
functions as the d*s*) and on the Hartree-Fock exchange 
integrals. The difference between this potential and the 
one previously used was treated by first order per- 
turbation theory, but only as regards the position of the 
levels. The I’; level was now found to lie satisfactorily 
below the 3d band. 

Slater and Koster have proposed an interpolation 
scheme for energy bands in crystals based on the tight 
binding approximation.* These authors regard the in- 
tegrals occurring in the matrix components of the 
energy between different Bloch sums as disposable 
parameters to be determined from energy values ob- 
tained by other methods at symmetry points in the 
Brillouin zone. They have applied this scheme to d 
bands in the transition metals for both the body- 
centered® and face-centered cubic lattices," using 
parameters determined from a previous calculation for 
nickel.” Some of their results, particularly the sym- 
metry about E=0 of the density of states for the body- 
centered lattice, are rather critically dependent on their 


"2G. F. Koster, Quarterly Progress Report of the Solid State 
and Molecular Theory Group, Massachusetts Institute of Tech- 
nology, October 15, 1954, (unpublished), p. 4 

4G. C. Fletcher, Proc. Phys. Soc. (London) A65, 192 (1952). 
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approximation and are removed if more parameters are 
used. They have also applied their method to the 
diamond the results of Herman" ob- 
tained by the OPW method to determine the param- 
eters. The band structure they draw is in rather serious 
the 


lattice,’ 


using 


disagreement with calculations by Herman of 
effective masses near the center of the Brillouin zone 
in that the free-electron-like behavior of the A; band 
from I’; is not reproduced, nor the downward curvature 
of the A; band from the state I';s, 
curvature of A, from the state Ios. 
We might expect 
binding scheme could be obtained for the 


nor the downward 


that better fitting with a tight 


transition 
metals since the d bands are relatively narrow. Difficulty 
could be expected for the band formed from the 4s 
would be show 


likely to free 


electron levels since it 
electron like behavior except near points of crossover. 
If it 


yrod K ed by crossover of the ts and 3d bands iS not so 
I ; 


can be reasonably asserted that the distortion 


great as to effect strongly the density of states, then 
it might be reasonable to try to use the nterpolation 


scheme to « ompute the density 
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“F. Herman, Phys. Rev. 88, 1210 (1952 
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It was decided to apply Slater’s scheme in the two- 
center approximation using nearest neighbor inter- 
actions only. If we allow for the possibility of different 
central interactions for the states at k=0, there are five 
parameters to fit. These parameters were determined 
from the energies of the levels T'y2, T'os:, Hos, His, No, 
N;, and N,. Since there are seven levels there are two 
relations which the matrix elements have to satisfy if 
the fitting is exact. These relations are not exactly 
satisfied, but are obeyed sufficiently well to suggest 
there is some truth in the approximation. This form of 
the interpolation scheme leaves one unwanted de- 
generacy: the bands along the 100 axis in the Brillouin 
zone are split into a doubly degenerate band and a 
triply degenerate band instead of three nondegenerate 
bands and one doubly degenerate band. However, the 
symmetry of the density of states about its midpoint 
is removed. 

By using Slater’s interpolation scheme, energy levels 
were calculated at several points in the Brillouin zone 
in order to determine the form of the bands and the 
density of states. The density of states is found in the 
following way: For various values of k, and k,, the 
band structure parallel to the &, axis in the Brillouin 
zone was determined by the interpolation scheme. For 
each of these curves, the energy was divided into small 
intervals (0.01 Rydberg) and the relative extent of the 
k, axis for which each curve lay within the given energy 
range was computed. This gives a rough density of 
states for each band. These curves are step curves and 
they all have to be added with the proper weighting. 
The result is a step curve for n(£). 

Table I gives the lowest eigenvalues for all the repre- 
convergent solutions were found. 


Diagrams of the band structure are shown in Figs. 2 


sentations for which 


and 3 (intermediate states and also the two .\, levels 
have been located by the interpolation scheme). The 
A, and 2, 
bands. Since cross over of equivalent bands is rendered 
extremely unlikely by group theory, the band structure 


bands from I; are drawn as free-electron 


will be distorted somewhat from the solid lines of these 
diagrams. A possible modification of the band structure 
to prevent such cross over is shown by dotted lines in 
Fig. 2. 

The splitting of the 3d levels at the center of the 
Brillouin zone is only 0.3 ev; much less than it is at the 
corners and faces of the zone. The bottom of the 3d 
band at the point .V, lies 1.35 ev above the lowest 
point of the 4s band at I’;. The location of the top of 
the d band is ambiguous because of the mixing of s 
and d states: The state V, (which is determined by the 
OPW method) lies 1.57 ev above the lowest .V, 
is found by the interpolation scheme). There is another 
state of type V, about 1.8 ev (estimated from a single 
OPW) above 4; this may be predominately S-like 
although .V, contains a mixture of s and d states. The 
top of the d band is not determined with precision, but 


(which 
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it would be reasonable to say that this calculation gives 
a d band width of about two electron volts. Unfor- 
tunately, these numerical values are sensitive to the 
potential. 

A much smaller splitting of the d-band states at 
k=0 than at other points of the zone is also a feature 
of the band structures calculated for nickel by Fletcher" 
and for copper by Howarth.'* These elements have the 
face-centered cubic structure. It does not agree with 
the predictions of Slater and Koster® for the body- 
centered lattice, based on their interpolation scheme. 

Some confidence in the relative order of the 3d levels 
among themselves (at least for the ones found from 
OPW expansions) was furnished by an exploratory 
calculation for the points [ and H with a potential 
which did not include any exchange. Although the 
magnitudes of the separations were changed the order 
and relative separation of the levels was the same. The 
result that the separation of the 3d bands at I is 
roughly one third that at H may be viewed with some 
confidence. 

TABLE I. Lowest eigenvalues 


Representation Energy (Rydbergs) 


r; —0.750 
His —0.625 
N: —0.595 
Tos’ —0.595 
N; —0.574 
Tis —0.573 
Hes —0.555 
Ny —0.548 
His +0.154" 
Hy, +0.64" 
Tis +2.00* 
* Correction to potential not included 


The separation between the levels [; and Hi, is 
1.238 Rydbergs (16.8 electron volts) before correction 
of the potential. These levels are presumably the limits 
of the s-p bands. The width of this band according to 
the free electron approximation is 1.345 Rydbergs, 
which is in error by 8.6 percent. It then seems reason- 
able to draw the 4s bands as free-electron bands. Since 
the states [',, and H,; formed from 4 electron levels 
lie far above the d band, one might conclude that the 
mixing of p and d states in the d band is small. P, is a 
state where mixing of this kind is permitted by group 
theory. The form of the OPW expansion, although 
poorly convergent, suggests that this mixing is small. 

There is no experimental information as yet which 
bears directly on the form of the band structure sug- 
gested here. However, experiments on the polarization 
of slow neutrons by magnetized iron give information 
as to the charge distribution of a magnetically active 
electron. These experiments have been analyzed by 
Steinberger and Wick.’ Although their cellular method 
calculation of the wave functions of d electrons was 


6D. J. Howarth, Proc. Roy. Soc. (London) A220, 513 (1953). 
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Fic. 3. Energy bands in iron parallel to 110 axis (unmagnetized 
state). NV, levels and intermediate points are determined from the 
interpolation scheme. Effects of prohibiting crossover of 2, bands 
are not shown 


performed with boundary conditions which are not 
appropriate for 3d electron states, their principal con 
clusion is probably sound. They find that the charge 
distribution of a magnetically active electron must be 
somewhat more compact than are the Hartree functions 
for a free iron atom.’ The additional binding is pro- 
vided by exchange. 

The wave function for a 3d electron depends, of 
course, on the particular state in the band. But inspec- 
tion of the OPW eigenfunctions suggests that the wave 
function does not change much over the 3d band. This 
result is consistent with the small width of the band, 
It would seem that a reasonable idea of the radial 
charge distribution of a 3d electron could be obtained 
by summing the /=2 part of the expansion for one of 
the states. This was done for the state I's; the result 
is shown in Fig. 4 where it is compared with the 3d 
radial function of Manning and Goldberg.’ The Iz: 
function has been altered in the right direction from 
the Hartree field. 

The density of states for the unmagnetized state 
obtained from the calculation based on the interpolation 
scheme is shown in Fig. 5. It has the two-hump struc- 
ture suggested by information on the electron specific 
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Fic, 4. Comparison of 3d radial wave functions obtained from T’.;’ 
and the Hartree wave function of Manning and Goldberg 


heat'* and temperature variation of the magnetic sus- 
ceptibility of the transition elements.'? However, these 
results are based on an extrapolation of the density of 
states curve from element to element, regardless of 
changes in the crystal structure and the potential. The 
validity of such procedure remains to be established. 
density of states 
curve with experiment can be given, allowance must be 
made for the splitting of the band structure of the 


Before definite comparison of the 


magnetized state introduced by exchange. 


The calculated energy bands are probably too narrow. 
The improvement in the potential previously discussed 


would tend to widen the bands, but it was not possible 
to calculate this. An accurate calculation of the d-band 
width must wait for a self-consistent field. 

An estimate of the self-consistency of this calculation 
can be made by comparing the Coulomb potential 
calculated from the I'y5 function previously discussed 
with the Coulomb potential of the assumed initial dis- 
tribution. The potentials are found to disagree con- 
siderably since the charge density obtained in this 
calculation is more compact than the initial one. Conse- 
quently, results of this calculation which are dependent 
on the details of the potential are open to some question 


APPLICATIONS TO FERROMAGNETISM 


Equation (8) gives the change in the potential energy 
of a 3d electron in the Hartree-Fock scheme when one 
3d electron per atom reverses its spin. We shall assume 
(1) that this potential is the same for all electrons in 
the d band, (2) that we can calculate its effect by first 
order perturbation theory, and (3) that the expectation 
values of this potential are the same to a sufficient 
approximation for all the states in the d band. This 
potential was computed by using the radial function 
for the state I'ys., and also by using the starting charge 
density for a 3d electron. The expectation value of these 
potentials were found by using the I’, function. For 
the potential constructed from the starting charge 
density, the expectation value is —1.23 ev. For the 


“ M. Horowitz and J. G. Daunt, Phys. Rev. 91, 1099 (1953) 
* C. J. Kreissman and H. B. Callen, Phys. Rev. 94, 837 (1954 
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potential constructed from the Iss, function, the value 
is — 1.58 ev. Since the latter potential is derived from a 
charge distribution that may be too compact and the 
former from one that is too loose, the correct figure 
should lie between these limits. The energy computed 
here represents the lowering of the levels of majority 
spin electrons from the unmagnetized state, and we 
must remember that the levels of minority spin elec- 
trons are raised by a like amount. Corresponding levels 
of opposite spin are separated by an energy between 
2.46 and 3.16 ev. The figures obtained here from the 
Hartree-Fock exchange potential agree reasonably well 
with the corresponding results of Slater’s free-electron 
approximation to the exchange potential. 

The change in cohesive energy due to exchange when 
one 3d electron per atom reverses its spin is just one- 
half the separation between corresponding levels in the 
magnetized state. The factor of one-half arises from the 
fact that when we add the one-electron eigenvalues of 
the Hartree-Fock equations, we have counted the ex- 
change interactions twice. Thus the change in cohesive 
energy due to spin reversal will be between 1.23 and 
1.58 ev. These numbers are slightly larger than those 
obtained by Slater for the case of nickel by examination 
of spectroscopic data.'* Slater obtains a value of 0.99 ev 
for this quantity. The discrepancy arises from two 
causes: (1) a different method of averaging the exchange 
interactions over the 3d states, and (2) slightly larger 
values for the appropriate integrals in this case. The 
difference in the method of averaging amounts to one 
fifth of the change in spin energy. 

We must now compute the change in the kinetic 
energy on going to the magnetized state. This can be 
determined from the density of states curve. We have 
to calculate the integrals / En(E)dE for the magnetized 
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Fic. 5. Density of states for iron (unmagnetized state). The 
4s band is drawn as a free electron band. »(£) for the 4s band is 
enlarged by a factor of ten 


J.C. Slater, Phys. Rev. 49, 537 (1936 
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and unmagnetized electron distributions. These in- 
tegrals have been computed and yield the result that 
the change in Fermi energy upon magnetization is 0.69 
ev. This figure is not very accurate since it is the dif- 
ference between two large numbers. The net energy of 
magnetization at absolute zero is then between 0.89 
and 0.54 ev per atom; a result that is considerably 
larger than would be suggested by the Curie tempera- 
ture. Most of this discrepancy may be due to having 
too narrow a calculated 3d band. One might expect 
that for a band width of 3.0 ev a change in Fermi 
energy approximately } the above value or 1 ev might 
be obtained. 

Although these calculations were made for a situa- 
tion in which there would be a net magnetic moment of 
2.0 Bohr magnetons per atom (neglecting a small con- 
tribution from the 4s electrons and from the orbital 
moment), the situation should not be appreciably 
different for the observed saturation magnetic moment 
of 2.2 Bohr magnetons per atom." 

The principal change in the band structure on passing 
to the magnetized state is that the levels of electrons 
of + and — spin will be split. This splitting was calcu- 
lated to be between 2.46 and 3.16 ev. Since these figures 
are somewhat greater than the predicted width of the 
unmagnetized 3d band, one might expect that the 3d 
band will be split into halves, the lower being full and 
containing electrons of the majority spin. There will, 
of course, be some change in the band form due to the 
difference in the exchange energies of these states; in 
particular, the upper band should be somewhat wider 
than the lower. When this change is estimated using 
Slater’s free electron exchange potential, one finds that 
the upper band should be about 0.1 ev wider than the 
lower if the individual halves are about 2.0 ev wide. 

The 4s-electron levels will serve to connect the halves 
of the d band. The alignment of the spins of the 3d 
electrons will necessarily cause a splitting of the 4s- 
electron levels. This splitting is smaller than that of the 
3d levels. It can be determined from the alteration of 
the potential of a 4s electron: 


n 2 P3a(r) 


VY ,(4s,3d,r), (9) 
5 r P,,(r) 


when » 3d electrons per atom change their spin. The 
functions P are proportional to r times the radial part of 
the wave functions, and Y; is defined in (4). Here it is 
assumed that all the 3d and all the 4s electrons have 
the same wave function. This potential has been com- 
puted using wave functions for the I’; and Iss. states. 
The expectation value of the potential is —0.040 
Rydberg, taken with the I; function. Thus the TI, 


“The observed magneton number, 2.2 Bohr magnetons per 
atom, can be approximately accounted for in terms of two excess 
spins per atom and a contrilution from the orbital angular mo- 
mentum. C. Kittel, Introduction to Solid State Physics (John 
Wiley and Sons, Inc., New York, 1953). 
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Fic. 6. Energy bands in iron parallel to 100 axis for mag- 
netized state. The 4s bands are drawn as free electron bands 
Levels of electrons of + and — spin are indicated by + or — 
sign after the standard symbol. Dotted lines indicate possible 
elimination of crossover of A, bands of the same spin. 


levels of + and — spin will be separated by 0.080 
Rydberg or 1.1 ev if one 3d electron per atom reverses 
its spin. Consequently there will be an alteration in the 
relation of the s and d states from that obtaining in the 
nonmagnetic state and one may expect a small num- 
ber of 4s electrons to participate in the magnetization. 

The band structure along the 100 axis in the Brillouin 
zone for the magnetized state is shown in Fig. 6 for 
two excess 3d electrons of + spin, under the assumption 
that the position but not the form of the bands has been 
altered. The curvature of the 4s bands is that of free- 
electron bands. We have the following picture: the d 
band is split into halves connected by bands which 
should show a mixing of s and d states, perhaps pre- 
dominantely s-like. The Fermi level comes approxi- 
mately in the middle of the upper d band. The minimum 
separation of the split d bands is at the point NV where 
they are separated by a gap of the order of one electron 
volt. However, if the separated d bands are somewhat 
wider than calculated here, there may be some overlap 
of predominately d states. Because some of the 3d 
electrons will drop into lower 4s states in the magnetic 
state, the Fermi level will be slightly lower than pre- 
dicted on the basis of d bands alone. The width of the 
filled portion of the bands, from the lowest state I’; to 
the Fermi level will be about 0.30 Rydberg or 4.1 
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electron volts. This is in reasonable agreement with the 
experiment of Gyorgy and Harvey on soft x-ray emis- 
sion™ where a band width of 3.7 ev is observed. The 
density of states curve is a combination of two like the 
one shown in Fig. 4, separated by a gap, and laced 
together by the 4s free-electron bands. There is a de- 
cided dip in the middle corresponding to the region in 
which s like states predominate. Such a dip has not 
been observed experimentally. This dip is different 
from that predicted by previous studies of the transition 
metals, since it is a result of the ferromagnetism. 

The electron specific heat of magnetic iron at abso- 
lute zero according to this predicted density of states is 


C,=18X10-T cal/mole-deg, 


compared to the experimental value 12 10~*7.'* The 
disagreement is presumably due to the calculated d 
bands being too narrow. 

It is rather difficult to determine a quantity to be 
called the number of s electrons in the crystal. This is 
If the 4s 


band were entirely free-electron-like and no mixing of 


ambiguous because of the mixing of states 


angular momentum states occurred, one would obtain 
0.11 4s electron per atom in the nonmagnetic state and 
0.19 in the magnetic state, with an excess in the latter 
case of 0.07 4s electron of majority spin. 

The energy balance in magnetization must be re- 
computed if the role of the 4s electrons is taken into 
account. The result is nearly the same as before. There 
are three effects which, when added, very nearly cancel: 
(1) the decrease in energy due to exchange which comes 
3d-4s exchange, 
magnetization, 


from the (2) the increase in kinetic 
energy upon and (3) a decrease in 
energy due to electrons dropping from higher 3d states 
into 4s states. To the accuracy possible here, these 
effects cancel. Readjustment of the 4s levels represents 
an improvement in the wave function of the system 
and must lead to a state of lower energy,” but this 
decrease is probably small. 
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APPENDIX 


Use of Group Theory to Simplify the 
Eigenvale Problem 


Only those orthogonalized plane waves appear in 
the expansion for the wave function at a point k in the 
Brillouin zone which are formed by adding to k all 
reciprocal lattice vectors. In order to obtain a con- 
vergent expansion, it is necessary to employ a large 
number of orthogonalized plane waves (for instance 86 
are used in the expansion of the level I'\; at k=0). This 
would seem to lead to impossibly large secular equa- 
tions which, for a general k, we should have to solve; 
but at certain points in the Brillouin zone, a simplifica- 
tion is possible. 

Consider the operations belonging to the point group 
of the reciprocal lattice which carry a point k of the 
Brillouin zone into itself or an equivalent point (a 
point k’ is said to be equivalent to k if k=k+g, where 
g is a reciprocal lattice vector). These operations are 
said to form the group of the point k.” For a general k, 
the group of k will consist only of the identity. There 
exist, however, symmetry points in whose group there 
are several operations. Then the wave function of a 
state of that k can be classified according as it belongs 
to a particular irreducible representation of the group 
of k. Because the Hamiltonian will have no nonvanish- 
ing matrix elements between functions belonging to 
different irreducible representations, the OPW secular 
equation can be factored. In particular, we can choose a 
linear combination of orthogonalized plane waves of a 
given type which belongs to a (particular row of a) 
particular irreducible representation. Only combina- 
tions belonging to this symmetry type need be con- 
sidered in setting up the secular equation. 

For example, consider the point [. The group of I 
consists of the 48 operations of the cubic point group. 
There are ten irreducible representations of this group: 
four one-dimensional, two two-dimensional, and four 
three-dimensiona! representations. The orthogonalized 
plane waves which can participate in the expansion of 
the wave function of one of these representations are: 
the wave 000, the 12 waves 110, the six waves of type 
200, the twenty-four waves of type 211, the twelve 
waves 220, the twenty-four waves 210, the eight waves 
222, the forty-eight waves 321, etc. Suppose we wish 
to find the lowest energy of a state belonging to the 
representation I’25,. Such a state will be triply degener- 
ate, and if expanded in spherical harmonics will have 
as harmonic of lowest order a function of type xy/r? 
(or xz, or yz, or a linear combination of these).™ Since 
the functions xy, yz, and sx are linearly independent, 
they form a basis for the expansion of any function 


= Bouckaert, Smoluchowski, and Wigner, Phys. Rev. 50, 58 
(1936 

3 22/a is omitted. 

*F.C. Von der Lage and H. A. Bethe, Phys. Rev. 71, 612 
1947 
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belonging to T'y5. Let us choose to construct the ex- 
pansion of the wave function in Iss, which transforms 
like xy. To do this, we choose a plane wave of a par- 
ticular type, say 110, and apply the formula® 


LrDay, ey(T)Txx= Day, 2y(T)xire)- (10) 


Here, T runs over all 48 operations of the group of I’. 
Dy, 2(T) is the xy, xy element of the matrix repre- 
senting the operation of T on the basis xy, ys, zx. The 
result is a linear combination of plane waves which 
transforms according to the xy row of the representa- 
tion I’y5. We then proceed in a similar manner for all 
of the plane waves we intend to use in the expansion. 
In this manner, we express the wave function for a 
state of I':5 as a series in orthogonalized plane waves, 
taking advantage of symmetry. The Hamiltonian will 
have no matrix elements between this function and 
functions belonging to different irreducible representa- 
tions, or between orthogonal members of this 
representation. 

In the general case, to construct an expansion which 
will transform according to the ith row of the jth irre- 
ducible representation of the wave vector k, we first 
determine the types of waves which belong in the ex- 
pansion and construct 


DL Diy, (T)T xn, (11) 


for all the plane wave types. Only these functions now 
need be employed in constructing the secular equation. 
There is one unknown coefficient for each such linear 
combination. 

In the case the representation is nondegenerate, it is 
sufficient to use*® 

L1Cs(T)T xx, (12) 

where C; is the character of the operation T in the jth 
irreducible representation and x, is an orthogonalized 
plane wave. The result is a function transforming 
according to the jth irreducible representation of wave 
vector k. 

*E. P. Wigner, Group Theory and Quantum Mechanics (Ed 


wards Brothers, Inc., Ann Arbor, 1944 
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Representation 
les I Dis 


0 0 0 
+ 0 0 
0 0 
0 0 
0 
0 
0 
0 
0 
0 
0 
0 


0 
0 
0 
0 
0 
0 


In certain cases, a given irreducible representation 
may occur more than once in a given plane wave type. 


For instance, the representation Ig occurs twice 


among the plane waves 211. This means that it will be 
possible to construct two linearly independent wave 


functions of xy symmetry from the waves 211. Both 
will have to be included in the expansion. The rule for 
determining the number of times a particular repre 
sentation is contained in a particular plane wave type 
is as follows*'; (1) Determine the number of plane waves 
carried into themselves (i.e., aab into aab) by an opera 
tion of the group. (2) Multiply this by the character of 
the operation. (3) Form the sum of (2) for all operations 
(4) Divide the number obtained in (3) by the number of 
operations contained in the group. 

Table II gives the appropriate linear combinations 
for the first nineteen waves belonging to I’. The linear 
combinations for other points may be obtained from 
the author. 
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The eigenvalues of 


the Schrédinger equation have been obtained for the Thomas-Fermi and Thomas 


Fermi-Dirac atomic potentials. Electron self-interactions were taken into account by modifying the po 


tentiais to give asym] 
of Z-values sufficient to 


1as-Fern 


permit easy interpolation 
Fermi or The i- Dirac 
as the Hartree or Hartree-Fock approximations 


potentials, agree in 





yrobiems are indicated 


lL. INTRODUCTION 


UANTITATIVE estimates of atomic behavior 
O rely heavily upon the self-consistent field method 
of Hartree' and Hartree-Fock? for the determination of 
atomic states. These methods provide the best solution 
for the atomic ground state in terms of a separable 
} 


wave function in the sense that this solution is derived 


from a variational principle which minimizes the total 
energy. This extremum property cannot be claimed, 
in genetal, for excited states since they must be or- 
thogonal to all lower states, and this orthogonality 
may require a superposition of product type wave 
functions. 

The numerical complexity of the Hartree and Hartree- 
Fock methods makes it difficult to obtain an overall 
picture of atomic behavior. At present only isolated 
solutions of the field equations are 
available, and these mainly for ground state configur- 


self-consistent 


ations 
the numerical 
self-consistent solutions. Straightforward iterations in 


The difficulty in the methods lies primarily in 
lengthy iterations which lead to the 
the Hartree procedure are not necessarily convergent 
so that in practice additional numerical complications 
arise. 

It is suggested, however, that these numerical diffi- 
culties in the Hartree, or Hartree-Fock, procedure will 
not be circumvented without loss of accuracy, at least 
for the ground state configuration. For the excited 
states it may be possible to find a mathematically 
simpler method without loss of accuracy since in this 
case the Hartree procedure is not necessarily optimal. 
For the ground state, though, the method does give, 
in principle, the best possible value for the total energy 
of the atom, subject to the limitation of separable wave 
functions. Even if the total energy of the atom has 
been determined accurately, it does not follow that all 
single electron term values have been accurately deter- 
In fact, the 


be weighted most heavily in the total energy determi- 


mined lowest one-electron term value wi 


nation for the atom, and presumably is very accurate 


* This study was supported by the U. S. Atomic Energy 
Commission 
D. R. Hartree, Proc. Cambridge Phil. Soc. 24, 89 (1928 


*V. Fock, Z. Physik 61, 126 (1930 


totically the field of a unit charge. All levels were treated from 1s to 7d for a range 
It was found that the energies, for either the Thomas- 
general as well with experimental ionization energies 
Applications of the statistical potential to other atomic 


Higher single electron term values, which contribute 
less importantly to the total atom energy, may be only 
roughly determined. In view of these features of the 
Hartree, or Hartree-Fock, approximation, consideration 
has been given to simpler approximations which could 
be applied to atomic systems in their ground states. 
An approximation with this general applicability is 
furnished by the use of the Thomas-Fermi,’ or Thomas- 
Fermi-Dirac,* statistical potential as a central field for 
the atomic system. Some term values for circular orbits 
and for the 5f level have been determined by previous 
investigators®.* with this potential, but a general explo- 
ration of the results to be obtained has not previously 
been carried out. The results of such an exploration 
will be presented here for the isolated, zero-temperature 
atom for all atomic numbers and for the one-electron 
term values from 1s to 7d. 


Il. THEORETICAL CONSIDERATIONS 


The description of the many-electron atom which 
uses an equivalent central potential, such as a sta- 
tistical potential, is familiar in spectroscopy as the 
central-field approximation.’ In this approximation, an 
equivalent central potential is used to generate a set of 
energy levels and wave functions under the assumption 
that the electrons are independent. The one-electron 
wave functions and energy levels so obtained may be 
taken as the zero order basis to which corrections can 
be applied by perturbation theory. The one-electron 
eigenfunctions and eigenvalues are given by solution of 


the Schrédinger equation, 


h?/2m)A—eV (r) }6i= 6:0, (1) 


where V(r) is the effective central potential for the 
atom. In the present discussion, this potential is either 
the Thomas-Fermi, or the Thomas-Fermi-Dirac, sta- 
tistical potential. In this zero order, the total energy 


1927) ; 7, 342, 726 


- 
‘}. 


+E. Fermi, Atti. accad. nazi. Lincei 6, 602 
(1928); L. H. Thomas, Proc. Cambridge Phil. Soc. 23, 542 (192 

‘P. A. M. Dirac, Proc. Cambridge Phil. Soc. 26, 376 (1930) 

*F. Rasetti, Atti accad. nazi. Lincei 7, 915 (1928); Z. Physik 
49, 546 (1928); R. Gaspdr, J. Chem. Phys. 20, 1863 (1952) 

* Maria G. Mayer, Phys. Rev. 60, 184 (1941 

*E. U. Condon and G. H. Shortley, The Theory of Alomic 
Spectra (Cambridge University Press, London, 1951 
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of the atom is given by ’ T T r T 
- os 
“4 
E=>" «, (2) . 
and the wave function for the atom, without anti- oer 7 
symmetrization, is sic f+ 4 
v=I1 4, (3) 
{*} r ot 
} 
where {i} denotes the set of occupied one-electron 
levels. This form for the total energy, or for the total | ; 
wave function, is assumed to apply to the ground state “o 2 > 4 3 6 ? 
‘ 


as well as to excited configurations. The analytic 
simplicity resulting from this assumption is evident 
and is a consequence of using a fixed potential for all 
configurations. With the similar 
simplicity in the Hartree methods, Roothaan* has 


aim of obtaining 
proposed that the Hartree ground state potential be 
used as the fixed potential with which excited configur- 
ations are determined. This simplification of the Hartree 
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20 
Fic. 1. The potential distribution for the Thomas-Fermi atom 


procedure carries with it, however, the numerical 


with the determination of the 


difficulties associated 
Hartree ground state. 

The important error in this application of a fixed 
central field arises just from the use of the same po- 
tential for all configurations of the atom. This error 
clearly grows with increasing excitation of the atom 
above the ground state. It will be apparent from the 
results to be presented here that the statistical po- 
tentials give acceptable values for ground state energies 
and presumably will therefore give semiquantitative 
predic tions for states of low excitation. If highly excited 
atomic states are determined in this way, the pertur- 
bation corrections to the energies and wave functions 
will certainly become important. These perturbation 
corrections are determined by the perturbation energy 


*C.C. J. Roothaan, Revs. Modern Phys. 23, 69 (1951). 


Fic. 2. The potential! distribution for the Thomas-Fermi-Dirac 
atom is shown with the solid line; the dashed line shows the 
approximation of the universal function of Eq. (9) for Z=2 


operator, 
= Zé : r 

Ayen= 2 {eV (7) — thd —+>Dd Er) Li-Si}, (4) 
i r “ir ‘ 


where customary notation’ has been used. In the present 
paper, however, the evaluation of term values is limited 
to the zeroth order even for excited states. 


III. DETERMINATION OF THE ATOMIC POTENTIAL 


The effective central field potential used in the 
present calculations is estimated from the statistical 
model of Thomas-Fermi and from the statistical model 
including exchange as developed by Dirac. More spe 
cifically, these statistical potentials are taken for the 
isolated atom at absolute zero temperature so that the 
ground state potential of the atom is the potential 
under discussion. The potential distribution for the 
Thomas-Fermi atom, without exchange, has been calcu 
lated by Miranda,’ and has been recalculated with 
improved accuracy by the author.” The analytic fit to 
this potential function was used for the present calcu 


Vent) 
ze 
4 
J 
4 
4 
4 





Ee ee ee ee ea J 








. 


fol 
°o 
x 
e 
o 


3 4 
- 
” 
Fic. 3. The potential distribution for the Thomas-Fermi-Dirac 
atom is shown with the solid line; the dashed line shows the 
approximation of the universal function of Eq. (9) for Z=5 


*C. Miranda, Mem. Acc. Italia 5, 285 (1934). 
Unpublished calculations 
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aa ’ ’ ’ sa , disadvantage replaces the V(r) of Eq. (5) by 
{ j V (rv) =| (Z—1)ed(r/u)+e]/r, (6) 
r q . . re . “of . 
L j where ¢(r/u) is the universal Thomas-Fermi” function 
=I. | for the neutral atom of atomic number Z. The pre- 
Pim |b — e P o ° . 
.! dictions of the potential of Eq. (6) for the behavior of 
J the 4; and 5/ electrons have been obtained by Mayer.*® . ‘ 
r a . . z . 
More extended calculations by the present author with 
this potential indicated that it over-corrected appreci- 
| ably for the self-interaction; it consequently gives too 
q 7 . ° ° . 
0 ' 2 [= : 6 ? large binding energies. 
. nr _ ° . 
rhe potential which was used in the present calcu- 
Fic. 4. The potential distribution for the Thomas Fermi-Dira lations was 
atom 18 shown with the sold ine he ashed line shows the 
approximation ol the universal function of Fx 9) for Z=10 e . P\T/ HM) “= € 
V (r)=Ze , if Vi(r)>-, 
, r r (4) 
lations: 
Vir a ' Vir)=0, otherwise, 
o(r/p) 14-0.02747 (r/)'+-1.243(r/u 
and as shown in Fig. 1. This form of potential, which 
0.1486(9r /u)!+0.2302(r/u provides the correct asymptotic behavior, was adopted 
+1) (107 JOR 4.0). (069. 5 
LOOT LIS (7 WOOF (7 ’ Y.) + + + ~ - 
3 
\ 4 
where u=0.8853a9/Z' and a» is the Bohr radius. The [ 
\ 
maximum error in this fit to the numerical values is i \ 
less than 0.3 percent. The potential of Eq. (5) includes r 
the electrostatic self-interaction of the electron whose rE ou " 
: . oi” 4 
term value is to be determined, and consequently it =] OF | 
, - ‘ : , ‘ 7 
leads to significant errors in the higher term values. A ] 
number of modifications in the Thomas-Fermi po J 
tential have been suggested" to remove this source of } 4 
‘ : | 
error in applications to the atomic term-value problem 
, ' 00 x 
lhe Thomas-Fermi ion potential and the Fermi-Amaldi 0 % 
correction have been proposed as more correct fields 
These latter have the practical disadvantage of requir Fic. 6. The potential distribution for the Thomas-Fermi-Dirac 
ing a new solution of the Thomas-Fermi equation for #%™ '5 shown with the solid line; the dashed line shows the 
: 4 , approximation of the universal function of Eq. (9) for Z=92 
each value of Z. A procedure which does not have this 
w for reason of simplicity. It does not make any modi- Vi 
fication in the field for self-interaction in the interior 
of the atom, but over most of this region this neglect 
should be relatively unimportant . 


The Thomas-Fermi potential of Eq. (7) estimates 
only the electrostatic interaction of the electrons for 


Vadis! 
le 
° 


the atomic ground state. The Dirac extension of the 
Thomas-Fermi model provides an approximate pro- 





cedure for including exchange effects. If ¢,.x(r/u) is the 











r 1 solution for the Thomas-Fermi-Dirac equation,” then 
, | the effective central field“ for the one-electron 
—” . © . iw 2 “4 
.  P. Gombas (reference 11). The function ¢(r/u) used here is 
Fic. 5. The potential distribution fc the same as Gombas’ $(2 

atom is shown with the solid line: *P. Gomas (reference 11). The function ¢.x(r/) used here is 

approximation of the universal function of Eq. (9) for Z=40 the same as Gombas’ ¥(x). 
. ; ‘The physical implications of the discontinuity in the V(r) 
P. Gombas, Die Statistische Theory des Aloms (Springer of Eq. (8) have been discussed by N. H. March, Phil. Mag. 45, 


Verlag, Berlin, 1949 325 (1954 
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THOMAS-FERMI AND 
Schrédinger equation is 
Dex (7 / t) —Dex(¥/ ue) (7/0) 
V x(r)=Ze 
r 
Zhe 3N2 Sro\ T /dex(r/w\! 
+ +6], (8) 
79 le \a r/ro 
for r<fro, 
V..(7)=0, for r>fo, 


where 6= (3/32mn)'(1/Z!) (ro/u)!. 


It 


should be noted 


that ¢.x(r/u) is the solution of the Thomas-Fermi-Dirac 
equation for prescribed Z which corresponds to zero 
pressure at the boundary of the atom; 1» is the finite 
radius of the atom required as a consequence of the 
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zero-pressure boundary condition, The first term of 
Eq. (8) is the electrostatic potential and the second 
term is the effective exchange potential. As is familiar, 
the electronic self-interactions are correctly eliminated 
within the framework the Thomas-Fermi-Dirac 
model. In the present application, where the Thomas- 
Fermi-Dirac potential of Eq. (8) is used as the atomic 
central field in the Schrédinger equation, it does not 
properly account for the electron self-interaction since 


of 


it does not possess the correct asymptotic behavior. 
The potential was therefore modified by the same 
procedure as was used to get the potential of Eq. (7). 
The practical difficulty still remains that separate 
solutions of the Thomas-Fermi-Dirac equation for 
dex(r/u) are required for each value of Z. This difficulty 





TABLE I. Term values in Rydbergs computed with the Thomas-Fermi potential of Eq. (7) 

Z 1 2 2p 3 3p 3d 4 4p 4d 4/ Ss Sp 
2 1.250 K10 2.77510 1,190 X10 6.578 X10" 

3 2.665 3.606 2.516 X10 1.402 7419 4.582 x10"? 

4 5.701 4.329 2.553 1.568 1.129 «10 8.041 6.331 K10°% 

5 8.612 

6 1.62810" 6.321 2.781 1.950 1.207 1.111 X10°' 9.374 6.668 5.494 4.216 xK10" 
7 3.146 1.321 7.137 

8 3.307 1.31210" 4.220 1.560 1.139 K10 6.358 4.871 
9 1.976 7.078 2.940 1.840 1.226 8937 

10 5.637 2.871 1.231 X10® 3.231 2.027 5.54 
11 7.053 3.992 1.986 3.527 > 152 1.113 1.378 9.950 7.314 

12 3.871 2.254 

13 1.04010? 6.957 4.195 4.323 2.357 1.114 1.563 1.063 10°! 6.265 K10°? 8.021 6.039 
i4 4.970 2.480 1.104 

15 1.158 6.450 
16 1.671 1.334 X10! 9.379 7.344 2.925 2.028 

17 1.603 9.317 1.350 7.211 
18 4.251 

19 2.462 2.2 1.703 X10 1.516 «10° 5.654 1.118 2.548 1.637 6.294 1.112 «10 B.213 
22 1.386 K 10° 3.012 1.939 

23 3.482 1,128 6.354 9.463 
4 

25 1.149 6.518 

26 4.934 5.39 4.556 §.713 3.445 1.240 3.902 16 7.522 1.461 1.013 «10 
27 2.773 1.060 «10 

28 5.951 

29 6.268 245 6.269 8.667 §.777 1.005 X10 5.378 2.$22 1.103 6.250 X10°* 1.730 1.113 
it) 1.499 

41 9M 

32 4.273 2.056 

33 3.768 1.387 
35 5.244 1.363 K10 § s 1.122 2.359 1.561 
37 1.063 K10 1.373 «K10® 1.238 0 2.054 K10 

38 1.752 K10 8.572 2.114 1.131 1639 

40 1.394 K10 1.142 2836 1.902 
41 

42 1.168 3.067 

44 1.320 4.359 2.054 
45 

46 3.021 4.760 

47 1.777 2.517 332 4.475 3.751 2.404 x10 5.934 3.767 4.652 6.250 4.021 2.218 
50 5.163 2.470 
$2 1.797 X10 2.754 
53 2.957 
$4 7.961 

57 2.679 4.046 3.813 8.070 7.072 5.190 1.350 KX10' 9.996 3.981 6.251 1.124 KI 4.524 
60 1.554 
61 6.251 A38 
63 6.251 

6S 3.537 5.558 5.285 1.18610" 1.06410" 8.308 2.252 1.785 xK10' 9461 6.252 2.529 1.314 K10 
66 6.254 

67 4.391 x10"! 

68 7.735 1,449 
70 1.789 x10 2.274 
72 2.995 

74 4.648 7.571 7.253 1.71 1.568 1.283 K10" 3,632 3.020 1.8394 «10' 4.391 5.188 3.299 
76 5.957 

77 4.251 
78 7.758 6.795 

82 5.765 9.642 9.284 &5 Dutt 1.779 $.212 4.462 3.065 1.191 K10' 8.692 6.125 
R4 

87 1.826 1.15010" 8478 
RR 

92 73M 1.261 X10" 1.220 K10@ 3.127 2.922 ). 530 7.690 6.700 5.007 2.594 1482 1.143 X10" 
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TaBLe I.—Continued 


z Sd 5 Se é 6f 6 t 6s 6h 7 7? 7d 
3 3108 x10? 2.246 X10 
‘ 
< 
6 1605 2.903 x10 2.546 2.120 K10°? 
. 4.053 4.269 2.344 
) 2.911 
10 2? ad 
i! 4.531 4731 3.080 2.620 
1 
13 3.890 83 K10 3.267 2.713 2.044 x10"? 
14 
1S . 
16 S Sas 4 * 
17 
is 
19 4.026 K10 4948 4 3.994 3.307 2.051 
23 4.063 6.968 5 Si¢ 81 3.612 2.067 
44.001 835 2.079 
4.169 ax 2.114 
6 488 3 4.692 2.418 
60 . 2.702 
a615% 046 2.745 
6.203 “ ¢ ‘ 5.140 4.001 2.762 
” 
16 
1? 6.268 
44 
a6 1 a 4.03 6.004 4.811 
, 2.814 
8 6.471 4i 
40 6.444 $ > 850 
41 6.510 4 a 2.877 
42 6.628 ft) . $ 6.848 5.440 2.926 
44 7 BRO 7, 3.373 
‘iS 0.66 5 64 3.688 
‘f O41 K10 3.819 
4 069 4.000 «10 1.48 ( x10"! 6.03 2 3.881 
“« fT) ¢ 3.957 
1 5 8 ROR 6.498 
; 
‘ 
1.121 BLLO 1.45¢ 6.30 2.778 X10 9.98 37 4.033 
“oo 4001 6. we 
63 45 + 6 464 . 1 x10 4.124 
( ¢ ix ay ¢ 1.15 wa R 4.196 
Ot 4004 
é 11 ‘ 49 ¢ 48 4.000 4.363 
68 38 ¢ 6 4.000 1 ( 1,099 4.555 
) é & 208 5.307 
: 014 «10 4.001 5.792 
‘4 . ¢ 1 1.000 * M” q OSS 4.001 8 «10 gx10 1.410 aS4 5.o7R8 
. ( x10 «€ $59 OR 1.591 1.059 X10" 6.132 
4 00K ‘ ws “4 4x s 2.778 1.79 1.175 6.212 
‘ 4 
£020 1.380 6.293 
ee 3713 
¢ ‘ 4 (xe 160 X10" =6.608 4x | a 2.268 1.573 6.393 . . 
may be obviated by the observation that the V.,(r of (9) with the Thomas-Fermi-Dira potentials is shown 
of } Q 8) mav be ipproximated by a universa po- in Figs 2-6 for Z y 5, 10, 4), and 92. , ° 
tential of the following forn 
IV. NUMERICAL PROCEDURE 
, 7} : 
oe oir } ] ] f } ] > 
PUTER) Oa LO rhe calculations for the term values with the po- 
T antl L¢ ; " ‘ etal . - 
. ace = entials of Eqs. (7) and (9) were carried out by numer- 
‘7 «6 ° ° . . ° a 
9 ical integration of the Schrédinger equation on an 
for V.x(r)>e/r. IBM 701 Defense Calculator. If the wave function ¢, 
} r e/r, otherwise iS written as 


@ Wi(r)/7 Vin (0.0), (10 
where @(r/u) is defined by Eq. (5), and where the prope 
then y, satisfies the differential equation 


cut-off behavior has been included. This universal 

xchange potential deviated from the Thomas-Fern 

exchange | ntiai , li i - n : = I Pune Dene 1+1 

Dirac potentials by less than 5 percent for 5<Z<92; 4 /’- 2 V (r)+ y.=0, (11) 


for values of Z<5 the error increases. A comparison hy? hh? r? 
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TABLE ITI. Term values in Rydbergs computed with the Thomas-Fermi-Dirac potential of Eq. (9) 





Z Is 2s 2p 3 3p ad 4 4p 4d 4/ 5s Sp 
2161310 3,048 x10 1.284 X10 6.881 X10°% 
3 3.818 3.886 2.569 X10"! 1.472 7.677 4.709 X10? 4.055 K10™ 
4 7.471 4.770 2.729 1.669 1.188 x10 8.398 6.585 x10"? 
5 9.366 
6 1.917K10' 9.540 4.208 2.304 1.530 1.113 X10" 1.044 K10™ 7.892 5.964 4.807 
7 6.709 1.772 8.698 
e 8 3.711 2.166 K10° 1.100 X10" 1.953 1.226 6.099 
9 3.082 1.715 3.293 2.097 1.318 9.772 
10 3.743 2.241 5.872 
11 7.633 5.540 3.546 4.387 2.420 1.120 1.563 1.083 X10 7.982 
12 5.336 2.680 
13 1.11010" 8.956 6.268 6.692 3.099 1.124 1.895 1.264 6.330 x10" 9.100 6.861 
.- 14 8.518 3.789 1.389 
15 1.517 6.376 7.778 
16 1.759 1.604 x10 1.224 xK10 1.369 X10 6.403 2.385 
17 1.898 1.70 1.144 1.732 6.460 1.11010 8.510 
18 1.096 x 10" 6.549 
19 2.567 2.570 2.070 2.554 1.403 1.176 ».922 1.90 6.694 1.216 9.117 
20 1.229 131 
21 1.475 8.745 
22 668 ’ S00 1843 > 205 1.024 «10 1.446 
23 5.018 4.351 1.070 1.056 X10 
24 1.091 
Ss 1.004 « 10" 1.104 
26 5.083 5.91 5.11 632 5.282 6.682 $.121 1.113 1.818 1.244 
27 1.839 
28 463 
29 6.434 842 6.915 1.098 X10" 8.042 1 1.057 KX10° 4.958 1.137 6.251 X10"? 2.103 1.469 
30 3.639 
31 0 1.158 
32 8.348 2.469 
33 9.8600 1.194 
34 1,229 
45 8.265 2.392 1.350 K10" 1.2903 2.759 1.826 
36 1.432 
37 1.085 x10 1.454 X10 1.325 K10 2.393 1.745 
38 11410 1.21210! 3.383 2.319 3.309 2.019 
39 
40 ) 662 4.250 +862 2185 
41 
4? 148 4.655 4 
44 5.672 1.793 
46 O16 
47 1.805 2.625 2.4580 4.964 4.25 18 949 5.656 1883 «10° 6.253 R08 i 0 
50 1.068 «10 70 
$2 4.776 6711 
53 Ss 
54 1.588 
55 
56 
57 2.701 4.18 4.960 R715 44 5 86 1.634 X10 1.284 K10 6.509 6.256 2.085 1.186 x10 
58 6.257 
59 6.275 
60 2.667 X10 
61 2.913 1 
62 
63 1.207 K10" 
65 3.576 5.716 5.456 1.264 K10 1.145 X10 9.153 »616 149 1.288 K10 2.195 $944 
6 
68 3.859 
° 70 5.184 5.558 3.816 
4 4.692 554 451 1.809 1.664 1.384 X10" 4.086 41.480 2.340 8.371 7.133 soos 
7 6.219 
. 1.23010" 8.994 
a0 
‘ 8? S814 > 848 9.50 390 2.222 1.896 5.750 5.010 +605 1.701 1.115 kK10 8.445 
4 
&7 1.114 x10 
as ) 560 
89 
”) 
71 
) 390 1.285 «K10" 1.24610 4.249 3.050 bt 8.336 420 5 668 4.240 1.785 1.435 
where V(r) is either the potential of Eq. (7) or of Eq. ing integral equation: 
(9). The scheme adopted for the numerical integration Dane, Jone 
v4 i 4 
c . . . | / , , , 
of Eq. (11) is similar to one recently suggested by yi(r)=y, (O)r+ ‘—7) . V(r’) 
Blanch.'* Equation (11) was converted into the follow- h h 
l(l+1) 
‘6G. Blanch, Math. Tables and Other Aids to Computation + Wilr’)dr’, (12) 


6, 219 (1952 r"? 
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TaABLe II. —Continued 


Z 5 5 S, 6 of 6d 6 6g 6h 7s 7p 7d 
; 3.179 x10 £10 K10 2.290 K10°? 2.061 K10"* 
4 
5s 
6 3.851 3.233 2.690 2.322 
s 4.23 ; 4 
9 2.595 . e 
10 3.136 
11 4.872 3.935 2.740 
12 
13 - 807 K10 3.546 2.951 2.060 X10"? 
i4 
15 4.074 x10 4.739 ad . 
16 3.89 3.29 
17 4.1 ¢ ; aS¢ 2.092 
18 4.173 AS 2.113 
i194 5 4000 x1 6.698 359 1 4.224 3.529 2.155 
0 4.554 128 2.271 
1 5.330 3.540 2.514 
* 3.789 2.653 
3 6.046 a9 6.001 +888 4.802 3.868 2.711 
46.145 3.94 2.743 
25 6.210 6479 3.978 765 
6 6.26 4.001 100 5.263 4.247 
2.798 
. 2815 
y 6 404 4) >R10 2 4 rn 5670 4.640 2833 
0 
41 ¢ 43 4.166 2.880 
42 6.631 8.24 4 4 6.065 2.916 
Wi¢ ; $308 5.046 ) 968 
47.00 444 3.051 
hi 428 > Ie aR 46 3.185 
TA 
; 101 5.383 6.880 3.548 
48 6 4 641 5.528 3.676 
9 102010 5 £08 3.761 
1) 1 O46 , 3.820 
41 1.064 6.005 3.865 
4 0 “3 } ” ¢ 7.960 6.074 4.900 
“4 63 
46 
47 1.121 10 1.878 314 6.49 9.021 6.807 4.034 
SO 1.148 6 Abt 4.124 
' ; i 43 ae 1.002 x10 R15 4.211 
‘3 r 4.271 
S4 j 6.86 4.350 
S$ 1244 4.454 
$6 1.290 
5 1M! soos ; oo Ri «10 1.120 &® SOR 4.782 
8 1.480 4006 a3 
> 14 4089 2 iI ai §.213 
60 6.248 3.999 
61 166 ri 614 1.246 9114 5553 
¢ 5.672 
63 4150 013 «10 4.003 5.766 
t Ono ( J ta 54 1.044 4.003 1.406 9.910 5.907 
6 
68 4.709 1.074 1.539 1.072 X10 6.056 
01002 K10° ¢ yn 1.136 6.136 
6 381 +004 ’ ‘ 
41 ® ‘ 4 4000 «If 4S¢ 160 ‘ . 40095 8 wIO ] g «KIO 1.801 1 s 6.291 
& 2.686 ~10 1.9 1.414 6.484 
ao 4 ft t 6.620 
. sat ‘ 2 1o00 ; Ove 1209 :oo 8 8 2.155 1.533 6.3812 
M4 1 
aS 6. 1.29 7.304 9% 
5 ¢ il 1.084 ¥ 4 4028 1.673 860 
aR Of 6.48 ; 6.108 2.503 
8 0 x10 8.565 
” + 008 6.24 
i 40 ox 6.250 9.214 
1) 634 ,oo0 5 1379 ; ¢ 5 2 8 » 7a 2.839 1.828 9.474 
° 
where the boundary condition ¥,;(0)=0 has been used on a scale of r', rather than on rs, since the former scale 


For the numerical work, the integral equation was makes the variations in the functions ¥; more uniform. 
replaced by a difference equation. To insure stability Improvements on initial guesses of the eigenvalues 
of the difference equation, the integral which is the were obtained by a convergence procedure coded into 
“nt of r was evaluated by Cote’s rule and the the machine. This procedure automatically selected 





coethce 


remaining integral was evaluated by Simpson’s rule. new guesses for the eigenvalues based on the require- 
nts for the numerical integration were based ment that the eigenfunction had the prescribed number 


IUCr 


Division poi 














FERMI AND 


THOMAS 


























Fic. 7. The square root of the term values of Table I for the 
Thomas-Fermi atom is shown as a function of Z. 


of zeros and had a zero at a point distant from the 
origin where it was estimated to have a value less than 
10-7 of its maximum value. The solution y, will contain 
a small amplitude contribution from the irregular solu- 
tion as a result of inevitable truncation and rounding 
errors in the numerical scheme. This error in the 
eigenfunction precludes the possibility of the solution 
being zero at the prescribed point. The accuracy of the 
eigenvalue determination is not affected by this diffi- 
culty. When the eigenvalue is known, this error in the 
eigenfunction may be avoided by integrating both 
inward and outward, and then joining the solutions at 
a point where the irregular solution is known to be 
negligible. This latter procedure is now in use in 
computations of eigenfunctions. 


V. RESULTS AND CONCLUSIONS 


The results of the present calculations for the one- 
electron term valués 1s to 7d with the Thomas-Fermi 
potential of Eq. (7) are summarized in Table I. Simi- 
larly, the results for the same one-electron term values 
with the Thomas-Fermi-Dirac potential of Eq. (9) are 
shown in Table II. The values computed for Tables I 
and II include the minimum number of term values 
necessary to give a survey of the periodic table and 


also to permit easy graphical interpolation for those 
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Fic. 8. The square root of the term values of Table II for the 
Thomas-Fermi-Dirac atom is shown as a function of Z 


term values not tabulated. The numerical values of 
Tables I and II are shown graphically in Figs. 7 and 8, 
respectively. A more detailed presentation of the results 
is given in Figs. 9-12'* which also include those Hartree, 
or Hartree-Fock, values which are available in the 
literature.'? These figures also give a comparison of the 
computed values with experimental ionization energies 
taken from Landolt-Bornstein."* 

The following conclusions are drawn from the compu- 
tations with the statistical potentials: 

1. There is a discrepancy at large binding energies 
between experimental term values and computed values 
whether computed with the statistical potential or with 
the Hartree procedure. This discrepancy is attributed 
to relativistic effects. An approximate correction for 


these relativistic effects was made by using the known 


‘6 The levels 5g, 6g, and 6h are not included in these figures 
since these levels have hydrogenic term values 

17 A survey of the existing results is given by D. R. Hartree, 
Repts. Progr. Phys. 11, 8 (1946-47) and by Landolt-Bornstein 
(reference 18) 

 Landolt-Bornstein, Alom 
Verlag, Berlin, 1950), Part I. 

Note added in proof.—Recently J. C. Slater [Phys. Rev. 98, 
1039 (1955)]} has published a revised table of experimental one- 
electron term values for free atoms with atomic numbers below 41 
Some of these term values show large deviations from those of 
Landolt-Bornstein which are presented in Figs. 9-12. However, 
these differences do not essentially affect the qualitative compari 
sons with the theoretical results, 


und Molekularphysik (Springer 
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relativistic hydrogenic energy with an effective Z 3. As can be inferred from the figures, the f series of 
determined from the uncorrected computed term value. terms exhibits unusually abrupt alterations in energy. 
The corrections were always in the proper direction but This behavior is observed at the same Z-value for all 
not sufficiently large to remove the entire discrepancy. members of the f-series. For example, at the Z-value 
The residual error is presumed to arise at least in part for which the 4f-electron enters the atom, the 5f- and 6f- 


from correlation effects levels simultaneousiy have a sharp rise in binding 
2. For terms lying below the 3s-level, the predictions energy. This type of behavior for the f-series was 
of the Thomas-Fermi-Dirac potential are on the whole _ predicted by Mayer,® who also pointed out the result 


closer to the Hartree, or Hartree-Fock, values than are verified by the present calculations, that the 5/-term 
he predictions of the Thomas-Fermi potential. For value would take on the 4f-hydrogenic term value and 
these terms which lie below the 3s-level, the Thomas- the 6f-term value would take on the 5/-hydrogenic value 
Fermi-Dirac values agree on the average as well with at the Z-value for which the 4f-electron enters the atom. 
experiment as do the Hartree values. For terms above It is to be recognized, of course, that term values 


the 3s-level, the Thomas-Fermi values are on the whole alone are not a sensitive test of the accuracy of an 
closer to the Hartree values than are the Thomas-_ effective central field. The uniformity, however, with 
Fermi-Dirac values; since the experimental ionization which the statistical potentials agree with observed 


values do not vary smoothly for these levels, it may be binding energies may be taken as indicating that these 
said that the values from any of the three theoretical central fields furnish reasonably good descriptions of 
possibilities considered here are equally acceptable. It atomic behavior. More sensitive tests of these fields 
may be remarked that, on a purely empirical basis, an consist in the determination of wave functions and 


improved overall agreement with experimental values matrix elements. For this reason, these wave functions 


can be obtained by taking the Thomas-Fermi values are now being computed and photo-absorption coeffi- 


for atomic number Z+-4 to give the term values for cients will then be evaluated. The accuracy of the term 


i 


atomic number Z 
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Fic. 10. The square root of the computed p-levels are shown 
Fic. 9. The square root of the computed s-levels are shown with the solid line for the Thomas-Fermi atom and with the 
with the solid line for the Thomas-Fermi atom ar with the dashed line for the Thomas-Fermi-Dirac atom. The circles (O) 
lashed line for the Thomas-Fermi-Dirac atom. The circles are the values computed by the Hartree method; the squares 
are the values computed by the Hartree method; the squares are the values computed by the Hartree-Fock method. The 
are the values computed by the Hartree-Fock method. The crosses (X) are the experimental values where the doublet 


crosses (X) are the experimental values energies have been averaged 
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Fic. 11. The square root of the computed d-levels are shown 
with the solid line for the Thomas-Fermi atom and with the 
dashed line for the Thomas-Fermi-Dirac atom. The circles (O) 
are the values computed by the Hartree method; the squares 
]) are the values computed by the Hartree-Fock method. The 


(0 
crosses (X) are the experimental values where the doublet 
energies have been averaged 


values for the statistical potentials suggests further 
that the perturbation expansion will converge rapidly. 
It may reasonably be expected, therefore, that the first 
order perturbation correction to the present zero order 
term values will comprise the principal part of the 
residual errors. The verification of this conjecture by 
calculation of the matrix elements of the perturbation 
operator of Eq. (4) is now in progress. 

The statistical model, with the potential that it 
determines, makes possible the approximate calculation 
of other kinds of atomic states. For example, the 
energies and wave functions of ionized atoms may be 
computed. One may also treat atoms under pressure 
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Fic. 12. The square root of the computed f-levels are shown 
with the solid line for the Thomas-Fermi atom and with the 
dashed line for the Thomas-Fermi-Dirac atom. The circles (OQ) 
are the values computed by the Hartree method; the squares 
(CQ) are the values computed by the Hartree-Fock method. The 
crosses (<) are the experimental values where the doublet 
energies have been averaged 


and atoms at nonzero temperature. For the latter 
problem, the generalization of the statistical model 
developed by Feynman, Metropolis, and Teller" gives 
a potential distribution which may be used as an 
effective central field. This central field approximates 
the effective field in the atom averaged over the thermal! 
fluctuations of the electron cloud. The term values and 
one-electron eigenfunctions computed with this po- 
tential are averages which neglect the effects of thermal! 
fluctuations. It may be expected that this approach to 
the effects of temperature on the atom will be particu- 
larly useful in computations of opacity and equations 
of state. These computations are now in progress. 
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Neutral helium atoms having kinetic energies in the range 100 to 450 kev are passed through a gas cell 


in which there is ar nagnetic field 


When a few microns pressure of gas is admitted to the cell, an 


attenuation of the transmitted beam takes place, due to collisions in which the helium atoms become ionized, 


and removed from the unidirectional beam by the magnetic ficld. The method will not distinguish between 


collisions in which one or both helium electrons are 
is measured, per atom of gas traversed 


af } 
inits of 10~*? cm? 


43.9+1.5; for hy 


creases in this range. Ir [ 
for air, 30.2408 ar drogen 


16.2404 


1. INTRODUCTION 


HIS paper reports experiments which contribute 


to our knowledge of the charge changing colli- 
gaseous media 


100-450 


kev, where their translational speeds are comparable 


sions of helium ions passing through 


The kinetic energies of the ions lie in the range 


to the speed of the electrons in the neutral helium atom 


sum of the 


The experiment is one which measures the 


cross sections for producing magnetically deviable 


charged ions from moving neutral atoms. Using the 


g 
is the cross section for a 


the 


notation of Snitzer,’ where a 


‘ 


collision in which the initial positive charge of 


moving 10on is 1 and its final « harge f, in electron units, 
the present experiments measure the sum (a9;+¢ 

referring to the processes He’ —~ He*+e and He 
Het*+- 2e, 


The experimenta 


respectively. 
| 


results on charge changing colli- 
sions in helium as of June, 1953, have been reviewed by 
Allison and Warshaw.’ At that time the equilibrium 
fractions of the various charged states in a helium beam 
had been measured by Snitzer' in the present energy 


range, and certain scattered data were available on 


equilibrium ratios and cross sections ¢ at energies 


extending upward from 646 kev were available from 


Rutherford’s work.’ Since that time Bittner’ has re 
ported an application of these phenomena in the produc- 
tion of a He** beam for the van de Graaff acceleration. 
[his is accomplished by the preliminary acceleration of 
the readily available He* through 400 kev, followed by 
by passing through a smal! amount of 
at Oak Ridge 
equilibrium charge distribution of helium ions in the 
range 20-250 kev ng gases H., He, 
No, Oo, Ne, and A. In the region between 100 and 200 


here is some overla 


stripping to He** 


gas. Also a group have measured the 


passi through the 


pping of their results 
hose of Snitzer, the Oak Ridge rators find 


approximately 20 percent more He 


1953 


Revs. Mod 


ys. Rev. 89, 1237 

and S. D. Warshaw 
1953 
Rutherford, PI 
Bittner, Rev. Sci. Ik 


ier, Barnett, ar 


1924 
1954 
96, 973 


Mag. 4, 277 
str. 25. 1058 


Phys. Rev 


d Evans 


lost 


per atom of 


5.8+0.6 and 


The sum of the cross sections for the two processes 


The cross sections rise in a rather uniform manner as energy in- 


gas traversed, the values at 100 and at 450 kev are 
2.540.8; and for helium, 11.6+0.6 and 


beam. The variation of the equilibrium fractions with 
respect to beam energy, and with atomic number of the 
gas traversed, is the same in both investigations. The 
equilibrium fraction He**/(He**++ Het+ He’), which 
varies from 0.02 to 0.04 in the region where the two 
researches overlap is essentially the same in both, sub- 
ject to the rather large error in measuring such a small 
fraction. 

charged fractions in the 
equilibrated beam do not of themselves give informa- 
tion concerning any single cross section, since only 
cross-section ratios are concerned. An experiment which 
gives a cross section directly must involve transient 
conditions, in which the thickness of the layer traversed 
is not sufficient to equilibrate the beam. Some cross 
sections o;9 for He* ions at energies below 40 kev have 
been obtained by Stedeford and Hasted.* Values of o12 
for He* ions in various gases at 10 and 20 kev have been 
reported by Fedorenko.? There do not seem to have 
been any loss cross sections for He® measured previously. 


Measurements of the 


2. METHOD OF THE EXPERIMENT 


The technique of the experiment is essentially the 
same as that of Montague* and Kanner’ in their meas- 
urements of electron loss cross sections for hydrogen 
atoms in H, and in air. The beam of neutral helium 
* beam from the 
University of Chicago’s Cockcroft-Walton accelerator 
(kevatron) to pass through a small amount of gas, 
and then bending away the charged components, Het 
and He**, from the emergent beam by means of a 
magnetic field. 


atoms was obtained by allowing the He 


The neutral beam then passed through a measuring 
chamber situated in the magnetic field, and was de- 
tected by a secondary electron emission detector at its 
far end. When gas at a known pressure, p, is admitted 
into the chamber, some of the neutral helium atoms 
collide with the gas molecules, are stripped of one, or 
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Fic. 1. Apparatus. Neu 
tral helium is produced by 
charge equilibration of a 
He* beam in the differen 
tially pumped gas cell A 
Loss cross sections are meas 
ured in chamber £, in the 
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perhaps two electrons, and then are removed from the 
beam by the magnetic field, thus giving rise to an 
attenuation of the neutral beam. 
The electron loss cross section per atom of gas 
traversed is given by 
kT R(O) 
(a0: +002) In (1) 


ple R(p) 


where / is the path length in the measuring chamber, 
R(O) is the normalized beam intensity with no gas in 
the chamber, and R(p) that when the gas pressure in 
the chamber is p dynes/cm*. & is the Boltzmann con- 
stant, JT the temperature in °K, and ¢ is the number of 
atoms per molecule in the gas. 


3. DESCRIPTION OF THE APPARATUS 


A schematic diagram of the apparatus is given in 
Fig. 1 and will be referred to in the following discussion. 


A. Equilibrating Cell 


This is cell A of Fig. 1. In it, the beam of He* ions is 
charge equilibrated by passing through a gas. The cell 
is a pipe 20.63 cm long having small holes, 0.94-mm 
diameter, at both ends. Diffusion pumps 1, 2, and 3 
and the kevatron diffusion pumps have sufficient pump- 
ing speed so that when a controlled amount of gas is 
admitted through needle valve No. 1 no perceptible 
rise in pressure occurs in the kevatron or the measuring 
chamber E. Sufficient gas is admitted to establish 
charge equilibrium, and this can be accomplished with- 


out significantly decreasing the average energy of the 
transmitted beam. 

The pressure used in the equilibrating cell was on 
the order of 10 microns. If one calculates the energy 
lost by 400-kev helium ions in air, using an energy loss 
cross section’ of 84.6*10°" evxXcm?’/molecule, one 
finds the energy loss is less than one kev. For lower 
energies, or for lighter gases in the equilibrating cell, 
the loss would be less. 


B. Beam Monitor 


The emergent beam, now about 1-mm diameter, 
next passes through the monitor (B in Fig. 1), which is 
essentially a parallel plate ionization chamber. The 
lower plate is connected through an insulated seal to 
the positive terminal of a 90-volt battery; thence to 
ground. The upper plate is connected through a well- 
insulated (10 ohms) Teflon seal to some type of cur- 
rent integrator. With enough gas in the equilibrating 
cell to establish charge equilibrium, the gas pressure in 
the monitor region was sufficient to give currents of the 
order 10-” ampere. 


C. Differential Pumping System 


Since the monitor current is directly proportional to 
the gas pressure between the two plates it is essential 
that the pressure here remain unchanged when gas is 
admitted to the measuring chamber £. In order to 
accomplish this it was necessary to install two stages 
of differential pumping, represented in Fig. 1 by cham- 


”P. K. Weyl, Phys. Rev. 91, 289 (1953) 
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bers C and D and diffusion pumps 1 and 2. Evidence 
that no gas was backing up into the monitor region was 
obtained by noting no increase in the reading on ioniza- 
tion gauge 3 when the pressure in E was increased from 
10-* mm Hg to 10-? mm; the latter being the highest 
measurements. Furthermore, 
the system no 
the 


pressure used in these 
with a steady beam passing through 
increase in monitor current was observed when 


pressure in £ was increased. 


D. Measuring Chamber and Detector 


After leaving the differential pumping chambers, 
the beam passed through a steel plug with a 2-mm 
diameter hole, and then into the measuring chamber. 
This the entire 


equilibrated heli 


hole had to be big enough to pass 


um beam, and yet small enough to 


permit the required pressure differential between E 
and B 

The measuring chamber" is a hollow bronze cylinder 
designed to fit snugly between the pole faces of the 


) 


electromagnet. Diametrically opposite to the 2-mm 


which is inserted the 
Fig. 1 

axis is directed to the 
+} 


hole is a into 


detector (F in 


entrance port 


neutral] particle There is also a 
port, G, whose center of the 
e axis of the detector. 
At this “‘thirty-degree” port was placed a glass plate, 


inside with ZnS powder. As 


circle and at an angle of 30° to 
covered on the will be 
shown later, the effective path length for attenuation 
depends on the radius of curvature of the ions in the 
magnetic field. This radius of curvature was maintained 
constant at all beam energies by adjusting the magnetic 
field so that the spot from the He* portion of the equili- 
brated beam could always be seen at a fixed point on 
the ZnS surface 

The detector is the same as that used by Montague.* 
t consists of an inclined beryllium-copper plate in the 
path of the beam and a grounded electrode parallel 
to the collecting plate but out of the way of the beam 
\ saturating negative potential] 67.5 volts) is applied 
to the collecting plate so that when a neutral atom 
strikes it, the secondary electrons are driven to the 
grounded plate. The geometry is such that the electron 


The 


net positive current to the collecting plate was summed 


paths are parallel to the magnetic lines of force. 


on a small current integrator. 


E. Current Integrators 


Three different circuits were used as current integra- 


tors in the course of these measurements, and every 
cross section reported here was measured with two or 
more different combinations of them. In each of the 
three circuits, the rise of voltage across a high-quality 
condenser was detected as the condenser was being 
charged by the current to be measured. This rise in 
voltage was detected by (1) a quadrant electrometer," 

“% Described more fully in reference 8 

Described in U. S. Atomic Energy Com 
MDDC-562 unpublished) 


mission Document 
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(2) a battery-operated dc amplifier of standard design,” 
and (3) a vibrating reed electrometer." 


F. Pressure Measurements 


For a quick-acting pressure indicator, useful in 
setting the needle valve, pressures could be read on an 
A!phatron’® gauge. All pressures used in calculating 
cross section, however, were measured on a liquid 
nitrogen trapped McLeod gauge. At first it was difficult 
to obtain reliable McLeod readings because of the 
tendency of the mercury to stick in the capillaries. This 
difficulty was completely overcome by roughening the 
inner surfaces of both capillaries with carborundum in 
the manner suggested by Rosenberg.'’® After this 
roughening, the diameter of the capillary was measured 
by introducing weighed amounts of mercury. The 
calibration of the gauge was also checked by stopping 
the mercury columns at different points with the same 
trapped gas. Pressures computed from these measure- 
ments always agreed to within 3 percent. 


G. Gases 


The only precaution taken in admitting air for 
attenuation measurements was to pass it through a 
calcium chloride drying tube. There were occasional 
indications that the gases H, and He were contaminated 
by heavier gases when in the measuring chamber. They 
were brought to needle valve No. 2 from their storage 
tanks through short plastic tubing lines in which the 
gases were kept slightly above atmospheric pressure 
slectrolytic hydrogen was 





and constantly flowing. E 
used, with a “Deoxo’"’ catalytic unit to combine the 
oxygen, followed by a trap immersed in liquid nitrogen 
to freeze out the water vapor. The helium used was 
government grade A, 99.9 percent pure. 


4. EXPERIMENTAL PROCEDURE 


A. Measurement of Attenuation Ratio 
and Pressure 


The procedure in a typical cross-section measure- 
ment will be described with reference to Fig. 1. 
was first admitted through needle valve No. 1 into the 
equilibrating cell; then with the beam directed so as 
to pass through the apertures of this cell, the magnetic 
field on the measuring chamber was adjusted until the 
He®* spot appeared at the 30° port. 

Then the quantities R(O) and R(p) of Eq. (1) were 
determined by taking readings of the quantity of 
charge collected by the detector in the time that the 
monitor collected a fixed amount of charge, first with 


Gas 


4% The circuit (“Zeus”) is given on the data sheet for the 
Raytheon CK5697 /CK570 electrometer triode 

“Built by the Applied Physics Corporation, 
Cahforma 

‘6 National Research Corporation, Cambridge, Massachusetts. 

“P. Rosenberg, Rev. Sci. Instr. 9, 258 (1938 

? Baker and Company, Newark, New Jersey 


Pasadena, 
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vacuum in the measuring chamber, and then after 
gas was admitted. The pressure was then taken. By 
closing valve 5 and opening valve 4, vacuum could be 
produced in the measuring chamber without mechani- 
cally closing the needle valve No. 2, thus preserving its 
setting for subsequent gas in, gas out cycles. 

Data from a typical experiment are exhibited in 
Fig. 2. Referring to this figure, if we let p, represent 
the pressure at which the attenuation ratio would be 
0.5, as read by extrapolation from the plot, Eq. (1) 
becomes 

(01: +-o02) = 0.693 (RT) /lEp,. 


Using /= 10.11 cm, T= 287°K, k=1.38X10~"* erg/°K, 
§=2, and pj= (2.98+0.10u) (1.33) dynes/(cm* x), we 
obtain 


(001: +o02) = (34.141.1) X10~ cm? per air atom. 


B. Determination of Attenuation Path Length 


The effective path length is less than the diameter 
of the measuring chamber because ions formed close 
to the detector do not have their paths deviated suffi- 
ciently by the magnetic field to miss the entrance slit 
to the detector. It is clear that this “ineffective dis- 
tance” z is determined by the radius of curvature of the 
Het* ions in the magnetic field, the width and shape of 
the beam, and the location of the undeflected, neutral 
beam in the detector slit opening. As pointed out before, 
the radius of curvature for He* was kept the same 
(23.7 cm) in all experiments. 

The width and location of the beam were measured 
as follows. A simple circuit was devised by means of 
which the current through the magnet could be varied 
continuously from —0.25 to 0.25 ampere, sufficient to 
sweep the charged component of the beam completely 
across the slit. The measuring chamber was evacuated ; 
and for each magnet current setting the normalized 
beam intensity, R(0), and the magnetic field strength 
were measured. The latter was accomplished with a 


ATTENUATION OF [5OKev 
BEAM IN AIR 






° 
a 


Rip)/Rio) 


BEAM ATTENUATION RATIO 


Pio" 2-98 2.10 


P (microns) 
INTEGRATED DETECTOR INTEGRATED MONITOR 
NT By: CURRENT READ By: 
OC AMPLIFIER AND GALV. 
QUADRANT ELECT. 
QUADRANT ELECT. 





x- QUADRANT ELECT. 
®- OC AMPLIFIER AND GALV. 
@- VIBRATING REED ELECT. 


Fic. 2. Typical experimental data. R(p)/R(O) is the ratio of 
the monitored emergent beam intensity with gas in the cell to its 
value with the cell evacuated. 
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Fic. 3. Response of the detector as the charged component of 
the beam is swept across the detector aperture by varying the 
magnetic field. The asymmetry about  =0 shows that the neutral 
beam does not fall exactly in the center of the slit. When cross- 
section measurements were being made, the charged beam was 
deflected to the right. 


rotating coil fluxmeter driven by a synchronous motor. 
The resultant plot of R(O) versus fluxmeter reading is 
shown in Fig. 3. 

From an inspection of Fig. 4, it is seen that a small 
linear displacement d of the charged component of the 
beam, caused by the magnetic field, is given by 


d= D*/2p, (2) 


where p is the radius of curvature of Het in the mag- 
netic field, and D=12.70 cm is the distance from the 
entrance of the measuring chamber to the detector slit. 
Since Hp is constant for a given ion momentum and 
charge, d is proportional to H and thus to the fluxmeter 
reading. 

Using this proportionality, we may make certain 
useful calculations. First, we note that the change of 
fluxmeter reading Afzw (Fig. 3) corresponds to a dis- 
placement of the center of the beam through the known 
width of the detector slit (2W=4 mm). The fluxmeter 
change Af, corresponds to a displacement of the center 
of the beam a distance equal to the beam diameter 2a. 
Thus 

2a= (Afo./Afow)(2W) = 1.88 mm, (3) 
Furthermore, Af, represents the distance from the 
center of the undeflected beam to the closest edge of 
the slit, and this distance s is 


s= (Af,/Afaw)(2W) = 1.5140.2 mm. (4) 


Now, to calculate the effective path length, we 
assume the beam to have a circular cross section of 
radius a=0.94 mm, and average the “ineffective dis- 
tance” z over the cross section of the beam. One arrives 
at the formula, 


z= (29) f [(s—s)(at—z") Jas / f (a*—2x")'dx, (5) 


for the average ineffective distance. 
Numerical integration of the above formula with 
p= 23.7 cm gives 2= 2.59 cm, so for the effective path 

















EQUILIBRATED 
BEAM 


length for attenuation we have 
l= D—zZ=10.11 cm. 


The path length / was also determined by another 
independent, but less accurate method. The electron 
loss cross section for 100-kev He atoms in air was 
measured in the standard magnetic field (9 = 23.70 cm 
and also in a larger magnetic field which corresponded 
to a radius of curvature of 11.2 cm for the He* ions. 
From Eq. (5), we see that Z varies as p', so that the 
two attenuation lengths are [D—2] and [ D—2((11.2) 
(23.70))*], respectively. Each of these lengths is pro- 
portional to the logarithm of the corresponding attenua- 
tion ratio, and from the observed ratio of these loga- 
it resulted that Z7=2.80. 
In computing cross sections, however, the value 7= 2.59 


rithms at constant pressure 


was used 


C. Checks for Internal Consistency 
(1). Starting Point for Electron Loss Path 


The effective path length could conceivably be in- 
creased because of collisions with gas atoms located 
between the equilibrating cell and the measuring cham- 
ber if the fringing magnetic field were sufficiently strong 
in this region to separate out the charged ions. This 
source of error was shown to be negligible by the fol- 
lowing experiment, in which the magnetic field was 
present. 

With a certain gas pressure p present in the measuring 
chamber, the intensity of the attenuated He® beam was 
measured. Then the large valve 3 was opened, and the 
pressure p re-established in the measuring chamber by 
considerably increasing the opening of the needle valve 
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No. 2. This greatly increased the gas pressure in cham- 
ber D, where the stray magnetic field might operate, 
but no measurable decrease in beam intensity resulted. 


(2) Saturation of Bias Potential on the Detector 


With chamber E evacuated and the magnetic field on, 
it was found that R(O) was independent of the bias 
voltage applied to the collecting plate of the Montague 
detector if such voltage was more negative than —45 
volts. The bias used was —67.5 volts, and since the 
maximum potentials built up on the detector in the 
course of measurement were of the order of one volt, 
saturation was maintained. 


(3) Saturation of Bias Potential on the Monitor 


By measuring R(0) as a function of monitor plate 
potential, saturation in the collected ion current was 
found if the drop across the monitor plates exceeded 
65 volts; 90 volts was used in the experiments. 


(4) Gas Effect on the Detector 


Montague® and subsequent investigators who used 
this detector for hydrogen charge exchange cross-section 
measurements found a small increase of detector sensi- 
tivity with gas pressure, but for the smaller gas pres- 
sures used in the present work, the effect was negligible. 
The evidence for this is that with the magnetic field 
turned off, there was no attenuation in the neutral 
beam when gas was admitted to the measuring chamber. 


(5) Effect of Small-Angle Rutherford Scattering 


The absence of beam attenuation when gas is ad- 
mitted, but with no magnetic field, shows that the 
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spreading of the beam by small-angle Rutherford 
scattering has not diverted an appreciable amount of it 
outside the aperture of the detector. This is because the 
beam diameter (1.88 mm) at the detector slit is con- 
siderably less than the width and height of the slit 
(4X4 mm). The absence of an effect was confirmed by a 
calculation of the scattering to be expected. 


5. RESULTS 


The results are listed in Table I and plotted in Fig. 5. 
The errors listed are estimates based on the scatter of 
the points about the chosen straight lines in the plots 
of the logarithm of the attenuation against the pressure 
(see Fig. 2). They do not include possible systematic 
errors. 

Table I also includes values of a parameter y,; which 
has the following significance. Suppose the electrons in 
the complete atom corresponding to the moving ion are 
numbered serially, 1, 2, ---#, ---Z, in order of increas- 
ing binding. Suppose that at some point in the path of 
the moving ion the ith electron is the outermost one, 


Taste I. Experimental results. Sum of the cross sections for the 





aa V (oo: +¢02) X10!" 
Hein cm/sec 7: [see square centimeters per atom 
kev x10* Eq. (7)] He He Air 
100 2.20 1.69 5.8+0.6 11.6+0.6 30.2+0.8 
120 2.41 1.55 780.6 tee ree 
150 2.70 1.38 8.4+0.5 12.6+0.7 341t1.1 
200 3.12 1.20 9.2+0.4 13.6+0.7 one 
250 3.48 1.07 10.3+0.7 13.6+0.7 38.2+1.0 
300 3.82 0.98 11.4+0.7 tee tee 
350 4.12 0.90 see 14.940.9 44.6+1.0 
400 441 0.85 12.7+1.0 16.0+1.5 43.341.5 
450 4.67 0.80 12.5+0.8 16.8+0.4 43.941.5 


all the electrons of lesser binding having been lost. Let 
I; be the ionization potential which will remove this ith 
electron from the ion. Then we define a velocity, 


V «= (21;/m)}, (6) 


to be referred to as the orbital velocity of the outermost 
electron adhering to the ion. m is the electron mass. If 
V is the translational velocity of the moving ion, 


vi= V/V. (7) 


For the moving neutral helium atom, 7, refers to either 
of the two 1s electrons. In this somewhat special case, 
T, is clearly to be interpreted as one-half of the sum of 
the first and second ionization potentials of helium; 
T,=}(54.1+24.5) or 39.3 ev, whence V,;=3.73X105 
cm/sec. 

It was found by repeating measurements in air that 
these cross sections were always reproducible within 
<7 percent. Unfortunately, this was not true for the 
other two gases, H, and He. It is perhaps significant 
that the lower values of cross sections obtained for these 
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_ Fic. 5. Experimental values of the cross-section sum (¢01+¢02) 
in units of 10~"’ cm* per atom of gas traversed, plotted against 
translational helium atom energy in kev. 


gases were the more self-consistent, as if, in spite of 
all precautions, there was occasional contamination 
with air or heavier gases. 

Any error in the path length for attenuation would not 
affect the relative values of the cross sections since all 
measurements were made with the same path length. 
The agreement of the two different methods of measur- 
ing this length suggests that the uncertainty in / is less 
than 5 percent. 


6. DISCUSSION 


It is of interest to compare the loss cross sections 
reported here with those measured previously in this 
laboratory for hydrogen atoms in the kinetic energy 
range 30 to 325 kev.*” These hydrogen measurements 
gave the cross sections oo; for hydrogen atoms moving 
in the gases H, and air. The differences are both quanti- 
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Fic. 6. Comparison of the electron loss cross sections for hydro- 
atoms in air with one-half the electron loss cross sections of 
lium atoms in air. The lower curve shows the same i 
for hydrogen gas. Abscissas are values of y;, which is the ratio of 
the orbital speed of the outermost electron in the moving ion to 
its translational speed. 
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tative and qualitative. The loss cross sections for helium 
atoms are larger for the same gas and kinetic 
and furthermore, within the energy range studied, the 
hydrogen loss cross sections are decreasing (they are 


nergy, 


roughly proportional to the energy to the power —0.70), 
but the helium cross sections are increasing 

If the cross sections per equivalent removable elec- 
tron are plotted against the y,; values, however, there 
are indications that the phenomena show some regu- 
"ig. 6. The values of 7; 


larity. Such a plot is shown in 


for helium atoms have been given in Table I. The values 
of +; for hydrogen atoms in Fig. 6 have been calculated 
from 

¥:= 2.18 108/V, 8 


tron in the 


where the numerator is the speed of the ele 


first Bohr orbit of the hydrogen atom, whose transla- 
tional speed is V. In constructing Fig. 6, the measured 
helium cross sections have been divided by two, since 
the neutral helium atom has two identical electrons 
available for removal. It is seen that the loss cross 
section per equivalent remov ible electron seems to be a 


fey fc. v7 nis writ} 
lunction Ol gamma only, wl 


00d of + 0.7. It 


4 maximum in the neigh- 


bort i 
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the gamma ranges for H® and He® do not overlap, 
which prevents an extended test of the suggested 
simplification. 

The rapid decline in the He’® loss cross section in 
hydrogen gas as the helium kinetic energies fall below 
about 150 kev may be due to the approach to the 
threshold for transfer of the ionization energy from the 
protons in the hydrogen gas to the helium electrons, and 
to the increasing efficiency of the screening of the proton 
charge by the hydrogen electron during the collision. 
The critical speed for the transfer of 24.5 ev from a 
moving proton to an electron at rest is 1.47105 
cm/sec, which is the translational speed of a 44.5-kev 
helium atom. The velocities of the electrons in the 
helium atom will lower and decrease the abruptness of 
this threshold, but certainly a decrease of cross section 
in this region is to be expected. 
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A simple spectrometer for the observation of paramagnetic 
resonance of free atoms near 9000 Mc/sec is described. This is 
followed by a detailed discussion of a new dissociation technique 
employing a carrier gas and a high-temperature arc which is 
shown to be effective enough to allow oscilloscopic observation of 
the atomic nitrogen spectrum, previously reported by Heald and 
Beringer. This dissociation technique which is believed to have 
universal applicability has been used to produce atomic phos- 
phorus. The spectrum due to its ‘Sy ground state has been ob- 
served. It consists of a narrow doublet which arises from magnetic 
hfs interaction due to the P™ nucleus. The separation has been 


INTRODUCTION 


N the last few years, an appreciable number of free 

atoms'* has been studied by Beringer and co- 
workers using microwave paramagnetic resonance tech- 
niques. A similar microwave absorption experiment on 
Cs vapor* had been performed earlier. If there are no 
complications in such paramagnetic resonance experi- 
ments the static magnetic field, Ho, the resonance 
frequency, vo, and g;, the gyromagnetic ratio of the 
free-atom state of total angular momentum, J, are 
connected by the well-known relation, 


Y= (gu8 h )Ho, 


8 denoting the Bohr magneton. Of the atoms H, O, and 
N studied so far, only H had been investigated previ- 
ously by atomic beam resonance deflection techniques.® 
The gz factor results on the two populated states of O, 
and the hyperfine structure observed for atomic N, 
provided interesting information on the higher order 
interactions of the electrons in these atoms. 

The difficulties which have to be overcome in the 
extension to other atoms of this, in comparison with 
other methods experimentally easy, technique for the 
study of magnetic properties of atoms, consisted mainly 
in getting the free atoms into the microwave cavity in 
a sufficient concentration to give a detectable absorp- 
tion. One elegant solution® has been suggested by 
Gordon ef al. In this method a beam of atoms is mag- 
netically focused’ into a microwave cavity. As the 
focuser at the same time rejects the higher or lower of 
the two states between which transitions take place, 


* This work has been supported by a contract with the Office of 
Ordnance Research, Department of the Army. A short account 
has already appeared in Bull. Am. Phys. Soc. 30, No. 1, 42 (1955). 

'R. Beringer and M. A. Heald, Phys. Rev. 95, 1474 (1954). 

? E. B. Rawson and R. Beringer, Phys. Rev. 88, 677 (1952). 

*M. A. Heald and R. Beringer, Phys. Rev. 96, 645 (1954). 

* Roberts, Beers, and Hill, Phys. Rev. 70, 112 (1946). 

5 Koenig, Prodell, and Kusch, Phys. Rev. 83, 687 (1951). 

* Gordon, Zeiger, and Townes, Phys. Rev. 95, 282 (1954). 

7H. Friedburg, Z. Physik 130, 493 (1951). 


measured as 
by(P™, 4S) = 56.241.5 Mo/sec, 


and the gy factor for the ground state has been obtained as 
gz(P, *Sy) = 2.0019-+-0.0004, 


which is only slightly smaller than the free-electron g value. The 
occurrence of a hfs in the supposedly symmetric 4S ground state 
as well as the small g, factor indicate the presence of higher state 
admixtures. The effects of beginning jj coupling in group V ele 
ments are briefly discussed and a sizeable electric quadrupole 
term in the ground state hfs of Sb and Bi is predicted. 


a gain of the order of k7/hy in intensity in an absorption 
or stimulated emission experiment can be realized 
which then offsets the loss in intensity due to the low 
density which can be used in atomic beams. However, 
there still remains the problem of dissociation. 

In Beringer’s experiments, the approach was simply 
to pass the usually wet molecular gases through a 
high-voltage discharge at pressures around 0.1 mm Hg, 
and then pumping the appreciably dissociated dis- 
charge products through a short section of tubing whose 
insides had been poisoned with a suitable anticatalyst 
to prevent recombination on the walls. Since at these 
low pressures the diffusion speed, with which the atoms 
reach the walls, is much greater than practical flow 
speeds and dissociation rates, this wall poisoning is 
absolutely necessary to maintain a sufficient concentra- 
tion of free atoms at a reasonable distance from, and 
even in, the discharge tube.* 

On the other hand, the actual mechanism of this 
wall poisoning is little understood. It has been possible 
to find suitable anticatalysts for H, O, and N but even 
for other gases like the halogens, not much success has 
been reported. As for substances like C, which in the 
form of gaseous compounds like CO can easily be intro- 
duced into the discharge but have an extremely low 
vapor pressure at practical wall temperatures, it is at 
least highly unlikely that a suitable poisoning agent 
will ever be found. Furthermore, it is not at all easy to 
break up tightly bound molecules like N; in a low- 
pressure discharge and special techniques may have to 
be employed. 

For these reasons, it appeared desirable to test a 
dissociation technique in which the active component 
at a pressure between 0.01 and 0.1 mm Hg is added to 
an inert gas carrier of the comparatively high pressure 
of 10-100 mm Hg. As at these pressures it is possible to 
maintain high temperature arcs with gas temperatures 
up to 6000°K, the simple thermal dissociation of any 


*R. W. Wood, Phil. Mag. 44, 538 (1922). 
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Fic. 1. Block diagram of paramagnetic resonance spectrometer. 


molecule into atoms is assured. At the same time the 
carrier greatly reduces the diffusion speed of the free 
eliminates ihe 


phosphorus along 


atoms and wall 
effects. An experiment on atomic 


these lines shall now be described in some detail. 


thereby effectively 


SPECTROMETER 


The paramagnetic resonance spectrometer used, see 
Fig. 1, 
described by Beringer et a/.' It operated at a frequency 
around 9000 Mc/sec. A 7234/B klystron was used as 
the power source and great care was taken to reduce 
the ripple and jitter on the cathode reflector 
The reflector voltage was 


was essentially a simplified version of the one 


and 
voltages as far as possible 
obtained from batteries through a low impedance 
dividing network. In this simple way it was possible to 
keep the spurious frequency modulation of the klystron 
low enough that no significant decrease in noise was 
noticed for identical power incident upon the bolometer 
if the power was fed directly from the klystron into 
the bolometer instead of through the cavity. A rather- 
low-O made from 


rectangular transmission 


standard X-band wave guide and silvered afterwards 


cavity 


was used. The gas stream entered and left the \ length 
(TE102) cavity through short tubular sections acting 
as below-cutoff attenuators. 

The use of the rectangular cavity was dictated by 
the fact that only a magnetron electromagnet of 3-in. 


P 
bin 
4-1n. 


diameter and gap was available. Consequently 
the homogeneity over the largest dimension of the 
sample, 1 in., was rather poor, namely of the order of 
1 oersted. The magnet was powered from 16 ordinary 
6-volt car batteries. Mainly in order to increase the 
ease of field measurements, a proton resonance stabiliza- 
tion system was installed. Simply by changing the fre- 
quency of the proton stabilizer, the field at its usual 
value, around 3300 oe, could be pulled +200 oe. By 
mechanically ganging the stabilizer control with the 
recorder drive, field reproducibility on the recording 
tape was achieved, which greatly helped with the 
identifications of weak lines. The magnetic field was 
modulated by conventional circuits at 140 cps, this 
frequency being derived from the 60-cps main by 
dividing and multiplying circuits. 
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The transmitted microwave power was detected by 
a commercial (Sperry 821) bolometer. Application of 
the microwave power increased the Johnson noise of 
the dc biased bolometer more than would have been 
due to its corresponding temperature and resistance 
increase. This indicates some amplitude noise in the 
klystron output. Provided one considers a factor of 2 
or 3 worthwhile, a balanced bolometer circuit would 
have merits. In such a circuit, one bolometer would 
obtain its power through the cavity, while the other 
one would get an equal amount directly from the 
klystron. The amplitude modulation noise of the 
klystron could then be cancelled out by bucking the 
two bolometers against each other. The ac output of 
the bolometer was fed through a large dc blocking 
capacitor and over a well-shielded step-up transformer 
(Thermador TG1) applied to the grid of a triode con- 
nected 6AC7 input stage. Tests by grounding the grid 
of this input stage showed that the Johnson noise of the 
hot bolometer easily swamped the tube noise a few 
times. After further amplification by two penthode 
stages, the signal had to pass a single twin 7 negative 
feedback narrow band stage tuned to 280 cps before it 
reached a Schuster-type lock-in detector? employing a 
reference voltage of 280 cps. The lock-in output, which 
was displayed on a recording milliammeter, corre- 
sponded essentially to the second derivative of the 
absorption lines. The doubling technique greatly en- 
hanced the narrow lines of interest here over broad 
absorptions due to various spurious causes like free 
electron cyclotron resonances, etc. It also reduced the 
pick-up and flicker noise problems. These advantages 
easily outweigh the inherent loss in modulation efficiency 
of about 30 percent, as compared with detection at the 
modulation frequency itself. The spectrometer sensi- 
tivity was optimized with the help of a diphenyl-picryl- 
hydrazil test sample. Peak-to-peak signal-to-noise 
ratio at 1-sec time constant for a sample of this sub- 
stance containing 3X10" free electron spins was found 
to be better than 200 for a line width of about 6 Mc/sec. 


DISSOCIATOR AND CARRIER GAS SYSTEM 


The helium-argon carrier was supplied in the form of 
commercial compressed gases (Matheson) of better 
than 99.9 percent purity. The pressure was reduced to 
about 1 atmosphere with the usual automatic regula- 
tors, followed by small needle valves (Hoke) for further 
reduction down to the 10-100 mm Hg range. A finer 
adjustment for partial pressures below 1-mm Hg could 
be obtained with the Matheson 51 needle valve, which 
was used for the N, addition. It was found that the 
expensive argon could be replaced by the cheaper 
helium to a large extent. Pure helium operation led to 
overheating of the quartz tube. The carrier then passed 
over white phosphorus contained in a flask which 
could be heated to cover a P, partial pressure range of 


*N. A. Schuster, Rev. Sci. Instr. 22, 254 (1951) 
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0.02-1 mm Hg, see Fig. 2. The dissociator consisted 
essentially of a 15-mm o.d. quartz tube containing two 
tungsten electrodes. In order to sustain the desired 
high current arc, the cathode has to get hot enough to 
thermally emit an electron current of several amperes, 
which is the case at about 3000°K. To start the arc 
an ac voltage of more than 800 volts had to be applied 
in series with the dc operating voltage of 130-250 
volts. A choke limited the ac current to 4 amp. After 
about a minute of high-voltage operation at 100-200 
mm Hg the electrodes became suddenly white hot, 
emitting an intense light, and the gap voltage dropped 
to a low value. After removal of the ac voltage the arc 
then operated on the dc supply. The starting procedure 
was aided by a high-frequency high voltage from a 
Tesla transformer. The gap voltage in argon for a gap 
distance of 40 mm in the pressure range of 10-200 mm 
Hg was around 40-50 volts and was rather independent 
of the current, which could be raised up to 8 A without 
melting the electrodes. 

In the pressure range of interest, 10-100 mm Hg, it is 
stili not a bad assumption that electron and gas tem- 
perature in the arc plasma are nearly equal, and that 
the current is mainly carried by the electrons. The gas 
temperature then must be large enough to provide by 
thermal ionization a sufficient positive ion concentration 
to neutralize the heavy space charge associated with 
the large observed electron current densities. Calcula- 
tions along these lines, as well as experiments, establish 
gas temperatures" up to 6000°K. At these tempera- 
tures all molecules at the low partial pressures of 
interest here will be completely dissociated into their 
atomic constituents. This expectation was tested by 
adding up to 1-mm Nz, dissociation energy 9.8 ev, to 
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Fic. 2. Universal dissociator employing helium-argon carrier. 


®W. Elenbaas, The High Pressure Mercury Vapor Discharge 
(Interscience Publishers, Inc., New York, 1951). 

“J. P. Cobine, Gaseous Conductors (McGraw-Hill Book Com- 
pany, Inc.. New York, 1941). 
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Fic. 3. Atomic N™ hfs triplet. Broad-band oscilloscopic display 
and field modulation at 15 cps were used. The dissuciator was an 
earlier Pyrex water-cooled version. 


argon and helium-argon mixtures around 50-mm Hg. 
The well-known active nitrogen afterglow appeared 
strongly, and the hfs triplet of the atomic *S; ground 
state was observed in the paramagnetic resonance 
spectrometer, compare Fig. 3. Resonance due to atomic 
hydrogen also was detected with this arrangement. 
After these early tests proved successful, attempts 
were made to obtain the paramagnetic resonance spec- 
trum of atomic phosphorus. Phosphorus was chosen for 
various reasons: (1) its hfs had not been measured; 
(2) the dissociation technique could be tested on poly- 
atomic molecules, P,, which could also be easily ad- 
mixed to the carrier; (3) its atomic ground state, 4S), 
has no orbital angular momentum. So far a certain set- 
back of the carrier technique has not been discussed. 
While collisions of the inert nonmagnetic carrier atoms 
will not broaden resonance lines of S-states, since there 
is no interaction with the sole contributor to the total 
angular momentum, the electron spin resultant, they 
will broaden non-S-states at a likely rate of 1 Mc/sec 
mm Hg carrier pressure. For these states, the electron 
orbitals of nonvanishing angular momentum provide 
the handle by which the total angular momentum can 
be turned over by an impinging carrier atom. For- 
tunately for a sizeable group of atoms where the orbital 
momentum carrying electrons are shielded by outer 
inert shells, like in the 4/"6s* states of the rare earth 
elements, this broadening may be appreciably reduced. 
Even though the associated intensity loss may not be 
prohibitive, it was clearly desirable to avoid non-S 
atoms at this stage. In spite of these precautions, the 
early attempts did not meet with success. It was, 
therefore, decided to have a closer look at the processes 
by which the free atoms do recombine which definitely 
have been generated in the arc. It is well known that 
two single atoms which collide in the gas phase will not 
stay together long unless the resulting collision complex 
has a way to get rid of the recombination energy which, 
of course, is also sufficient for dissociation. To stabilize 
the collision complex, a third body has to be present 
to absorb part of the recombination energy. This now 
may be another molecule or the wall of the container. 
Triple collisions in the gas phase are too rare and can 
be neglected here. The worst assumption concerning 
the wall effect is that every free atom hitting the wall 
recombines. It follows then that the carrier pressure in 
a flow system like ours should be high enough to prevent 
appreciable diffusion to the tube wall before the cavity 
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is reached. By demanding that the average time, /, 
an atom travels the arc-cavity distance, S, should be 
half its diffusion time to the wall, a relation between 
the necessary pumping speed V in cm*/sec and the 
diffusion constant D in cm*/sec can be formulated: 


V =40SD. 


The tube diameter has conveniently dropped out. As a 
practical example, we take V+:6000 cm*/sec and S=6 
cm and obtain Dus.=25 cm?/sec. 
diffusion coefficient for atomic P into argon of about 
0.3 cm*/sec at atmospheric pressure and at room tem- 
perature, this calls for a minimum carrier pressure of 
10 mm Hg. Because of the much higher temperatures 
in and immediately after the arc region, this estimate 
may be considerably too low unless one uses water- 


If we assume a 


cooling of the arc housing. In this way, one shields the 
dissociator wall with a dense layer of cooler gas. The 
just-obtained relation should be satisfied in any case 
unless one wants to rely on wall poisoning. However, in 
the general case it is not the only condition which has 
to be satisfied in order to assure a sufficient free atom 
concentration in the cavity. While for atoms forming 
only diatomic molecules gas phase losses are completely 
in the background, this is by no means so when poly- 
atomic molecules are formed.” Even though not much 
will happen if one P atom collides with another one, 
there will always be an appreciable fraction of frag- 
ments P;, P3, and also impurities at hand which have 
not passed through the hottest zone of the dissociator. 
If a P atom now hits such a fragment, say P3, the re- 
combination energy in the resulting excited P, molecule 
can spread over many degrees of freedom, which gives 
the complex a sufficiently long life to be deactivated 
by a collision with a carrier atom, or it may also break 
up into two P, molecules. Fortunately, not every 
collision between a free atom and a polyatomic frag 
ment leads to the formation of an excited molecule, as 
it must clearly make a difference if the fragment can 
form a bond at the spot where it is hit or not. The 
whole matter gets rather involved, and the gist of all 
this is that one may hope for an atom to live over 10 
to 100 collisions with polyatomic groups 
limit on the partial pressure of the active component 
which is likely to give an optimum concentration of free 
atoms. One may arrive at a rough estimate by demand- 
ing that a P atom should not collide with more than 
10-100 other P atoms during the transit time, /, from 
the arc to the cavity. With a tube cross section of 4 cm? 
and the same values for V and S as in our above ex 
ample, { comes out 5X 10 sex 
sion for P at 
temperature of 4X 10~-" sec, 
will be 10-?—10~' mm Hg which should lead to a well- 
observable paramagnetic resonance signal. It might be 
emphasized here that the rather stringent general con- 


his places a 


If one assumes a colli- 


time atmospheric pressure and room 


this optimum P pressure 


 Glasstone, Laidler, and Eyring, The Theory of Rate Processes 
(McGraw-Hill Book Company, Inc., New York, 1941 
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ditions to assure a sufficient free atom concentration 
can be met in a practical arrangement. Therefore, the 
carrier dissociation and transport technique should be 
quite universally applicable. Besides, for H and N, this 
has so far also been demonstrated for atomic P, whose 
paramagnetic resonance spectrum was observed after 
a sufficiently fast pump (Kinney, VSM 556, preceded 
by 35 | ballast volume) was installed. 

The arc may also be used to evaporate metals into 
the carrier gas. Preliminary experiments employing a 
graphite anode supporting a ball of molten Cu indicate 
that even excited or metastable Cu atoms are present 
as far as 20 cm downstream from the arc, as evidenced 
by the emission of the characteristic green Cu spectrum. 
The formation of metaliic mirrors on the tube wall 
inside the cavity poses a problem which, however, can 
be overcome by the design shown in the insert of Fig. 2. 
Here the carrier stream is sheathed by a thin lamina of 
reactive gas like Cl, or air which reacts with the metal 
atoms diffusing into it. 


ATOMIC P SPECTRUM 


It was originally planned to measure the P spectrum, 
which consists of a narrow doublet (see Fig. 4) centered 
around roughly the free electron g value, by simul- 
taneously observing it with the atomic N spectrum. 
The gy factor of atomic N had been measured with 
high precision by Heald and Beringer,’ and this pro- 
cedure would have eliminated the need for precise 
measurements of the microwave frequency and the 
magnetic field at the exact site of the free-atom sample. 
Unfortunately, however, it was not possible with the 
present equipment to achieve a suficient concentration 
of P, as well as N atoms, by simultaneously charging 
the carrier with Py and N». Therefore, an intermediate 
standard in the form of the center high-field line, Mn,,, 
of the hfs sextet of Mn** in the cubic ZnS host lattice 
(line width 3 oe was employed. The procedure now was 
to alternate recordings of the Mn,, line and the N spec- 
trum with recordings of the Mn,, and the P spectrum a 
few times while the geometrical arrangement of free 
atom cavity Mn** sampie and proton resonance coil was 
left unchanged. The average proton resonance frequency 
differences with respect to the Mn,, line as zero are 


Fic. 4. Hfs doublet of atomic P™. A 1-sec time constant 
was used in the recording circuit. 
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given in Table I. The proton frequencies were measured 
with a direct reading frequency meter (Gertsch FM3). 
The limit of error in these frequencies was about 2 kc 
or half the observed line width. The spectrum was 
proven to be independent of the carrier pressure in the 
region of 20-40 mm Hg. This includes the line width 
which was found to be 1 oe between zero deflection 
poits and which was exclusively due to the inhomo- 
geneity of the available field. From the values in Table I 
one calculates for the P*' hfs separation 20.0+0.5 oe or 


by(P*) = 56.241.5 Mc/sec. 


The proton frequency corresponding to the center of 
the P spectrum is only 1.3 kc/sec lower than that of 


TABLE I. Proton frequency differences for measured 
resonance peaks, in kc/sec. 


Mn,; P ss N P 1 
0 —74 — 159.5 


the N center line, No, which is less than the assigned 
limit of error. With Heald and Beringer’s value g;(N) 
= 2.0021, we consequently obtain 


ga(P) = 2.0019+0.0004, 


neglecting small correction terms, as the Paschen-Back 
effect is very nearly complete. 

In order to explain the observed splitting as magnetic 
hfs due to the P® nucleus of nuclear spin 7= 4, one has 
to assume small admixtures of excited states to the 
predominantly 3s°3p' 4S; ground state, since this state 
in pure LS coupling cannot couple to the nuclear mag- 
netic moment. The admixtures most effective in pro- 
ducing a magnetic hfs interaction will be the ones of the 
type 3s3p’ns (n=4,5---), in which one of the 3s 
electrons has been promoted to a higher s orbital and 
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Taste II. Ground state g,-factors for g 


roup V-atoms. 


Free electron N P As* Sb> Bi* 


20023 20021 20019 1904 1967 165 


* J]. B. Green and W. M. Barrows, Phys. Rev. 47, 131 (1935 
> D. R. Inglis and M. H. Johnson, Phys. Rev. 38, 1642 (1931). 


the two s electrons have parallel spins.“ A total of 
such admixtures of the order of 1 percent is sufficient to 
account for the observed hfs in P. For the last members 
of the series N, P, As, Sb, Bi, however, there will be 
sizeable contributions from the ground state p electrons 
to the hfs. This can easily be seen since in pure jj 
coupling the J =} ground state is made up of two anti- 
parallel p; electrons and one fp; electron and, therefore, 
effectively behaves like a single p; electron. Conse- 
quently, in jj coupling one will find not only sizeable 
magnetic dipole and electric quadrupole interactions for 
the ground state but also a gy, factor of 1.333 instead 
of 2. There is little doubt that beginning jj coupling is 
the essential cause for the small gy values of the last 
members of the series. While a look at Table II shows 
that extreme jj coupling is not even reached in Bi, 
there are definitely observable quadrupole terms to be 
expected in the ground state hfs of at least Sb and Bi. 
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Beringer for stimulating discussions during a visit at 
Yale University and to Professor Gordy for the use of 
the facilities of the Duke Microwave Laboratory. 

My thanks further go to Mr. H. Mortenson for the 
construction of the proton resonance field stabilizer 
system, and I should like to mention the friendly co- 
operation of Mr. Thomas Henson in building the various 
quartz dissociators. 
3A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London) 
A205, 135 (1951). 

4G. F. Koster, Phys. Rev. 86, 148 (1952). 
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An experiment is described in wh 


substantially less than the normal Doppler width 


radiating gas when « 


yntained in a cavit 





Collisions of molect 


i broadening it The 1.25-cm in 
normal Doppler width of 73 kc/sec obtained; 


widths are in good agreement with the calculations 


Y employing a gas cell of special shape and gas at 
low pressure, it is possible to produce microwave 
ng widths substantially less than 


spectral lines having 
Doppler breadth. The essential 
is that it two flat 


separated by approximately 4/2, where X is the free- 
li 


feature of the gas cell 


should consist of parallel walls, 


space wavelength of the radiation, operating in a mode 
for which the electromagnetic wave bounces back and 
forth between the two walls. One suitable form of such 
a gas cell is a pillbox shaped cavity having a diameter 


large compared to a wavelength, operating in the TE 


mode. 
Although these narrow spectral lines should be 
obtainable using standard microwave absorption detec- 


tion equipment, some improvement in average signal 
power is expected from a detection system based on 
pulse induced coherent spontaneous radiation,’ and it 
was this technique which was used in our experiments 
It is somewhat paradoxical that the effect of wall 


collisions which strongly disturb the internal state of 


the molecule should be such as to lead to a spectral 
line more narrow than that obtained in the absence of 
wall collisions. It was shown by Johnson and Strand 
berg? that the previous simple considerations of the 
effect of wall collisions on a gas were basically incorrect. 


These simple considerations had assumed a Lorentz 


line shape with a line width proportional to the char- 
acteristic molecular speed, to=(2k7T/m)!, divided by 
a length characteristic of the gas cell, this length being 
given by the shortest dimension of the cell in case the 
cell had one of its dimensions much smaller than the 


others. In parti ular, Johnson and Strandberg took as 


a model of a long wave-guide cell, one of whose cross 


shorter than 


sectional dimensions 1 was ¢ 


the other, a cell composed of two infinite parallel plates 

separated by a distance L. They showed that the line 

shape to be expected from wall collisions alone in su ha 

cell was not a Lorentz line of full width Av0.20/ LZ, 

us had been previously assumed, but was actually far 
* Experimental work supported by the Signal Corps 
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(1982) ‘ 


ch microwave resonance lines have been obtained having widths 
The line shape obtained depends on the properties of a 
y in the form of a pillbox, of diameter large compared to height. 
s with the walls take place in such a manner that the collisions narrow the line instead 
version transition in ammonia was observed, and lines one quarter the 
further narrowing appears feasible. The line shapes and 


from a Lorentz line, having a logarithmic singularity 
at the line center. They pointed out that this singularity 
would be masked by any finite Doppler broadening, 
resulting from motion of molecules along the wave guide, 
yielding an effective contribution to the line width 
from wall collisions of approximately Av 
~().809/L. Danos and Geschwind’ subsequently pointed 
out that for the power levels commonly employed in 
microwave spectrometers, the simple theory, although 
fundamentally incorrect, did in fact give results which 
were fairly accurate. The non-Lorentz shaped lines 
predicted were shown to be realizable only for rather 
unusual operating conditions of extremely low incident 
power levels. They showed that even if not masked by 
the Doppler effect, the singularity in the line shape 
would be removed by power saturation effects, and the 
effective contribution to the line shape from wall 
collision effects could be well represented by the simple 
heory, giving approximately a Lorentz shape. 

In the gas cell to be described, the Doppler effect is 
missing, and by maintaining the proper operating 
conditions, a line breadth may be realized, arising 
solely from wall collision effects, which is substantially 
less than the value Av=v/L, where L is the smallest 
dimension of the cell. The obtainable line shape is in fact 
determined primarily not by the smallest cell dimension, 
but by the other dimensions of the cell. To understand 
the beneficial effect of the wall collisions in producing a 
narrow spectral line by avoiding Doppler broadening, 
it is necessary first to understand that for an absorption 
spectrometer as well as for the pulse induced emission 
spectrometer‘ the the signal is an 
wave radiated by the gas. For an 
absorption spectrometer, the radiated wave might be 
called an “absorption wave” in that it is the destructive 
interference with this wave that reduces the intensity 
of the incident microwave when absorption by the gas 
is occurring. The gaseous origin of this signal energy is 
easily demonstrated experimentally. If the incident 
wave is suddenly turned off, the gas continues to 
radiate for perhaps 10 microseconds. From this point 


arising 


source of power 


electromagnetic 


*M. Danos and S. Geschwind, Phys. Rev. 91, 1159 (1953) 
‘ The details of a pulse induced emission spectrometer are given 
in an article to be published in The Review of Scientific Instruments. 
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of view the only effect of the incident electromagnetic 
wave is to excite the gas into a state in which the 
individual molecules possess oscillating electric dipole 
moment expectation values. This results in an oscillat- 
ing polarization of the gas, the radiation from which 
can be treated classically. In the pulse induced emission 
technique, molecules are excited by a microwave fre- 
quency pulse into superposition energy states in which 
each molecule possesses an oscillating electric dipole 
moment. A given molecule continues to radiate until it 
hits another molecule or a wall of the container. For the 
pillbox cavity of height \/2 with low gas pressure, the 
collisions occur primarily at the two large parallel 
flat surfaces. To understand the beneficial significance 
of the collision, it need only be noted that if the pillbox 
height were greater than A/2, say A, with the cavity 
operating in the T£,,2. mode, then a given molecule, 
instead of colliding with the wall would continue to 
move across a nodal plane in the cavity into a region 
where the electric field is reversed in direction. It here 
radiates (classically) with the opposite phase with 
respect to the standing wave in the cavity, and its 
wave interferes destructively with the waves radiated 
by molecules which have not crossed a nodal plane. To 
state it another way, the collisions with the walls are 
damaging in that molecules are removed from the 
radiating system. However, collisions are not as serious 
as the absence of collisions, in which case the molecular 
motion mixes the oscillating molecules of different 
phases, resulting in destructive interference between 
the contributions from individual molecules. 

It is now easy to comprehend the origin of the narrow 
spectral line. For the pillbox cavity, the number of 
radiating atoms, and hence the amplitude of the 
radiated wave, since the molecules radiate in phase, falls 
off after a short time as the reciprocal of the elapsed 
time after the exciting pulse. (See Fig. 1.) This 1/¢ 
dependence lasts for a time which is greater the larger 
the diameter of the pillbox. After about 15 microseconds 
in the case of ammonia, most of the molecules which 
have not yet collided with a wall are moving nearly 
parallel to the flat surfaces. After a sufficiently long 
period, the effect of the side walls must be included. 

For a cylindrical cavity of the same diameter as the 
pillbox but many wavelengths long, the interference 
effects, arising from motion of the molecules into regions 
where the electric field has various phases, as previously 
discussed, cause the radiated amplitude to fall off as a 
Gauss error function of the time. The line shape is given 
by the Fourier transform of this envelope function. 
This is the usual Gaussian shaped line characteristic of 
Doppler broadening. On the other hand, for an ampli- 
tude variation proportional to the reciprocal of the 
time, characteristic of the pillbox, the Fourier transform 
gives a narrow line more sharply peaked than a Lorentz 
profile. Were it not for the side walls and other practical 
difficulties, the line shape would have a logarithmic 
singularity at its center.? 
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Fic. 1. Calculated envelopes of radiation from ammonia at low 
pressure and room temperature. Curve A: Large gas cell: normal 
Gaussian Doppler decay. Curve B: Infinite diameter pillbox 
cavity, uniform field assumed : asymptotically proportional to 1/t 
Curve C: Finite diameter pillbox, considering field distribution 
effects. Diameter to height ratio of cavity 9.2. t%& =A/2=11.5 
microseconds. 


In the case of an absorption apparatus, although 
the details differ, the main conclusion remains the same. 
In the absence of wall collisions, a destructive inter- 
ference effect remains which the normal 
Doppler broadened line, but when a gas cell in the form 
of a pillbox cavity of height A/2 is operated at low gas 
pressures and low incident power, the molecules with 
long free paths are strongly favored. They are excited 
for a long time, giving rise to a large oscillating electric 
moment, and they radiate for a long period. Because of 
the long uninterrupted radiation period, these molecules 
contribute principally to the spectral line intensity at 
its center, which, because of the strongly oscillating 
character of these molecules and their long radiation 
time, becomes strongly peaked. 

Consider now in more detail the line shape expected 
when an infinite diameter pillbox cavity is used. The 
cavity is formed by two parallel plates of infinite 
extent, separated by 4/2. A wave guide couples to the 
normal mode of the cavity which is a standing plane 
wave of uniform amplitude over the extent of the 
plates. A short intense radio-frequency pulse excites 
the gas. Since the cavity is only of height \/2, it is a 
fair approximation to say that the exciting field is in 
phase and of equal amplitude throughout the cavity. 
(If the cavity were, for example, \ in height, then this 
approximation could not be made, since the exciting 
field would have opposite phases in different regions 
of the cavity.) To this approximation, all the molecular 
dipoles are oscillating with equal amplitude, and in 
phase with each other. Thus the radiated amplitude is 
proportional to .V, the number of contributing molecules, 
N being at most equal to the thermal equilibrium 
difference in population of the two states. Because the 
electric field actually has a sinusoidal distribution over 
the gap between the plates, the molecules are actually 
excited by various amounts dependent upon their 
location. Also, the radiated amplitude from a molecule 
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The radiated amplitude is proportional to N(t), and 
thus the real part of the Fourier transform of N(t) 
gives the line shape 

v2 


Real part g(w)= 
TAT 6 


A/2 A/2—2)/t 
xf af exp(—v*/n9)dv. (2) 
0 zjt 


N (0) =/(2xbxof). (3) 


Cos (w— wo)tdé 


For large ?, 
lim V(t) 
trae 
The Fourier transform of a function which is propor- 
tional to 1/t as ¢ becomes infinite has a logarithmic 
and thus, in principle, lines as 
narrow as desired can be obtained by this method. 
By a series expansion and partial integration, the 
line shape [Eq. (2) }] can be transformed into 


singularity at w=wo, 


Real part g(w 


21 )*(w— wo) 


ast - w— wo)Ax 
xf | 1—exp(—1/x*) | sin 
Ve 


A line shape of identical form has been calculated by 
Johnson and Strandberg® and later by Danos and 
Geschwind?® (continuous wave) absorption 
experiment in a similar cell, with a vanishingly small 
amount of incident power. As Danos and Geschwind 


for a c.w. 


point out, any nonzero amount of power incident on 
the gas, which is necessary to produce an observable 
signal, introduces saturation effects which remove the 
singularity in the line shape. Similarly, in the pulse 
experiments here, in obtain a 
usable signal, there must be a finite interval between 
Under these conditions, 
molecules with velocities parallel to the faces of the cell 


considered order to 


successive exciting pulses. 


are not allowed to continue radiating for infinitely 
long times, and for this reason in addition to others, 
the singularity in the line shape is removed, by cutting 
off the 1/t decay at a finite time. As the repetition 
interval is decreased, the signal power and the line 
width increase, just as in the c.w. experiment, the signal 
power and line width increase as the incident power is 
raised. The calculated signal power at the center of 


the line is given as a function of calculated line width 
for the two idealized cases in Fig. 2. The line width in 
the c.w. case is calculated from Danos and Geschwind’s 
results. The line width in the pulsed excitation case is 
calculated from the transform of V(t), Eq. (1), cut off 


at the repetition interval T: 


T 


f N (2) cos(w— wo) tdi. 
(2x)! 0 


Real part g(w) 
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The line width is given in units of the normal Doppler 
width, 


Av(Doppler) = (1n2)4rqwe/me. 


In the experiment performed, the gas was excited by a 
sequence of rf pulses, the phase of the rf oscillation 
being preserved from one pulse to the next. After each 
exciting pulse, the gas radiated a wave of decaying 
amplitude, whose phase was determined by the phase 
of the exciting rf. The frequency spectrum of the 
radiation from the gas then consisted of a component 
at the center frequency of the exciting pulse, plus side 
bands above and below this frequency, spaced by the 
pulse repetition frequency. The detection system 
selected the frequency component of this radiation at 
the center frequency of the exciting pulses, and it is 
the available signal power in this component and not 
the total radiated power which is plotted in Fig. 2. 

Unfortunately, a severe loss is taken in signal to 
noise ratio in order to achieve narrow spectral lines by 
using a cavity of this special pillbox shape. First, a low 
pressure must be used to obtain the required long mean 
free path, which must be at least comparable to the 
diameter of the pillbox cavity. Second, only a small 
fraction of the molecules have the long trajectories 
that avoid the top and bottom faces of the cavity. 
The net result is that as the line width is decreased by 
increasing the cavity diameter, the signal power varies 
directly with the square of the line width. 

The data® which Danos and Geschwind used as a 
check on their wall broadening theory and also the 
data used by Johnson and Strandberg? to check their 
earlier calculation of the same effect, were based on 
experiments in an ordinary long microwave absorption 
cell. In such experiments, the molecules can move many 
wavelengths in the direction of propagation of radia- 
tion, and the full Doppler width is observed, as discussed 
earlier. Under conditions of low pressure and low 
incident rf intensity, the major source of broadening 
in such a cell is the Doppler effect, and wall collision 
effects are present only as a correction to the Doppler 
width. The expected width is calculated by adding this 
correction term in a rather arbitrary manner to the 
large Doppler width. 

In the experiments considered here, however, the 
exciting field, instead of being propagated parallel to 
the surfaces of the plates, is approximately a plane 
wave bouncing back and forth between the plates. In 
such an experiment, as has been mentioned, it is a 
fairly good approximation to regard the electric field as 
being in phase and of uniform amplitude throughout 
the cell, so that the wall collision effects are the only 
source of line width. Such an experiment allows a direct 
comparison of observed and calculated wall collision 
widths. 

* Gunther-Mohr, White, Schawlow, Good, and Coles, Phys 
Rev. 94, 1187 (1954). 
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Fic. 3. Curve A: Calculated line shape, 5.75 cm diameter 
pillbox (diameter to height ratio 9.2). Curve B: Lorentz line 
shape chosen to have same height and width at half-maximum 
amplitude as curve A. 


In the experiments performed here, the /=K=3 
inversion transition in ammonia at 24 000 Mc/sec was 
observed. The gas, at low pressure and at room tempera- 
ture, was contained in a cylindrical copper cavity of 
height approximately \/2=0.62 cm, diameter 5.75 cm, 
operating in the TE,,;, mode. The line width was 
determined by the finite size of the cavity. The addition 
of side walls at a moderately small radius makes the 
amplitude decay faster than 1/¢ when molecules begin 
to suffer collisions with these walls. (See Fig. 1.) For 
sufficiently low pressures and long pulse repetition 
intervals, the line width is determined by the diameter 
of the cavity. A numerical calculation of the line shape 
to be expected from such a cavity, taking into account 
the field distribution in the cavity, which was ignored 
in the previous discussion where the radiated amplitude 
was taken as strictly proportional to the number of 
radiating molecules, predicts a line 16.2 kc/sec wide 
(full width at half-maximum amplitude), of nearly 
Lorentz shape but slightly sharper at the peak than a 
Lorentz line of the same width. (The field distribution 
in the cavity does not have a drastic effect on the line 
shape. The line computed without taking the field 
distribution into consideration is of the same general 
shape, with a width of about 14.5 kc/sec.) The normal 
Doppler width is 73 kc/sec. Observed lines are about 18 
kc/sec wide, with shapes and widths in good agreement 
with the calculation. The calculated line shape and a 
Lorentz line of the same width as the calculated line 
are plotted in Fig. 3. Note that the Lorentz line, chosen 
to have the same width at half-maximum amplitude, 
has a somewhat broader peak than does the calculated 
line. A Lorentz line chosen to have the same curvature 
at the line center as the calculated line would have a 
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Fic. 4. Curve A: An observed e shape, 5.75 ameter 

Ibox with slight asymmetry arising from phase errors detec 
tion system, 17.9 kc/sec wide at half-maximu amplitude. Curve 
B: Calculated Lorentz line, of approximate same th as 
curve A at half-maximum ar putuade 
width slightly smaller than that of the calculated line 
In Fig. 4 is plotted an observed line, whose width is 
17.9 kc/sec. The slight asymmetry of the line may be 
attributed to slight phase errors in the detection system 


Also plotted in Fig. 4 is a Lorentz line chosen to have 


approximately the same width at half-maximum 


amplitude as the observed curve. Note that the observed 


line is slightly sharper at the peak than the Lorentz 
line of the same width, bearing out qualitatively the 


predictions of the calculation (Fig. 3). The signal was 
35 db above noise in the above measurements for an 
information bandwidth of 0.5 cycles/sec. The calculated 


signal to noise ratio, assuming a crystal conversion 


gain of }, a crystal noise temperature of 2, and an i-f 
intermediate-frequency) amplifier noise figure of 4 
an over-all receiver noise figure of 20, or 13 db is 
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Fic. 5. Curve A: Calculated line shape, 62.5-cm diameter 
pillbox (diameter to height ratio 100). Curve B: Lorentz line 





hape chosen to have same width at half maximum amplitude as 
curve A 


approximately 42 db for operation at the required low- 
pressure and low-pulse repetition rate. 

By increasing the cavity diameter, it seems feasible 
to decrease the line width by about another factor of 
four, but beyond this point, technical problems appear 
to make further narrowing considerably more difficult. 

The calculated line shape for a cavity of diameter 
62.5 cm, a diameter to height ratio of 100 to 1, is 
plotted in Fig. 5, together with a Lorentz line of equal 
width at half-maximum amplitude. The departure of 
the calculated line from the Lorentz shape is evident. 
Note that although the calculated width at half- 
maximum amplitude is approximately 4 kc/sec, a 
Lorentz curve with the same degree of sharpness at 
the line center as the calculated line would have a 
width of about 1.5 kc/sec. Thus, greater resolution is 
possible than that implied merely by the value of the 
width at half-maximum amplitude. 
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The line-breadth parameters of a number of lines of the X-band magnetic resonance spectrum of O; have 
been measured and interpreted with the aid of a previously reported theory of the spectrum. The results are 
that the M-dependence of the line width is negligible, and there is only a slight decrease in width with 


increasing K. A typical width (half-width at half-intensity) at 300°K 


is 2.2 (Mc/sec)/mm Hg. At pressures 


up to 8 mm Hg, the line centers have been found to shift less than 2 percent of the line width. The average 
temperature dependence of the normalized line breadth parameter (Av/P) is found to be T~*-"*, This may be 


compared with the theoretical T-*- and the T-*-** found by previous workers. We find O,— 
O; collisions in producing broadening. 


be no less effective than O.— 


N; collisions to 





1. INTRODUCTION 


INE breadths (half-width at half-intensity) in the 

millimeter microwave spectrum of oxygen have 
been reported by numerous investigators,' and Beringer 
and Castle? have given results for the magnetic reso- 
nance spectrum. The various results, however, have not 
been completely satisfactory. For example, there are 
sizable discrepancies between the results of Gokhale and 
Strandberg and those of other investigators of the 
millimeter spectrum. The results of Beringer and Castle 
could not be properly converted to frequency widths 
with the existing theory. Also, there is poor agreement 
between the experimental temperature dependence of 
the line breadth and that predicted by theory. In view 
of this unsatisfactory situation, line-width measurements 
were made as part of the comprehensive study of 
the microwave spectrum of the oxygen molecule which 
was previously reported.’ The results of these measure- 
ments and of the re-evaluation of the measurements of 
Beringer and Castle are given in this paper. 

In the microwave spectrum of a gas at the pressures 
used in these experiments one may neglect all sources of 
broadening except collision broadening and the instru- 
mental broadening resulting from any inhomogeneity of 
the magnetic field over the cavity containing the 
sample. (The power level was always kept low enough to 
preclude any saturation broadening effects.) From 
kinetic theory, the normalized line-breadth parameter 
for collision broadening, Av/P, is conveniently expressed 
as 

Av/P=2b?/(xMkT)}, (1) 
~ © This work was supported in part by the Signal Corps; the 
Office of Scientific Research, Air Research and Development 
Command; and the Office of Naval Research. 

t National Science Foundation Fellow; now at the Clarendon 
Laboratory, Oxford, England 

! Those studying the resolved spectrum include: B. V. Gokhale 
and M. W. P. Strandberg, Phys. Rev. 84, 844 (1951); Anderson, 
Smith, and Gordy, Phys. Rev. 87, 561 (1952); R. M. Hill and W. 
Gordy, Phys. Rev. 93, 1019 (1954) ; J. O. Artman and J. P. 
Gordon, Phys. Rev. 87, 227(A) (1952); J. O. Artman, Ph.D. 
thesis, Physics Department, Columbia University, 1953 (un- 
published) ; J. O. Artman and J. P. Gordon, Phys. Rev. 96, 1237 
(1954). 

°k. Beringer and J. G. Castle, Jr., Phys. Rev. 81, 82 (1951). 

a - Tinkham and M. W. P. Strandberg, Phys. Rev. 97, 937 and 
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where Avy is the half-width at half-maximum intensity, P 
is the pressure, JT the absolute temperature, M the 
molecular mass, and 6 the “collision diameter.” This 
normalized line breadth is independent of P for the low 
pressures used. However, it does depend on 7, and it 
will, in general, also vary from line to line in the 
spectrum because the collision cross section rb’ for 
radiation interruption will depend on the quantum state 
of the molecule. If the molecules acted like hard spheres, 
b would simply be the diameter of the sphere, and 
(Av/P)« T+. Actually, the effective collision diameter 
is greater for slow molecules which have more time to 
interact during each encounter. Thus 6 decreases with 
increasing 7, and the total temperature dependence is 


Av/P«T-*, (2) 


where n>4. One may show that if the interaction po- 
tential is proportional to r~”, then 


1 p+1 
n= r (3) 
2p—-1 


Thus the exponent m is a convenient indicator of the 
“hardness” of the intermolecular interaction potential. 


2. EXPERIMENTAL METHOD 


In taking the experimental data, an X-band recording 
resonance spectrometer with magnetic field modulation 
was used. This apparatus yields a trace of the derivative 
of the absorption along an abscissa linear in the mag- 
netic field. Since the modulation amplitude was always 
less than one-tenth of the line width, the considerations 
given by Andrew‘ show that the spurious increase in line 
width introduced by the finite modulation amplitude is 
less than 1 percent. This was confirmed experimentally 
by extrapolation. Three independent values of the line 
width for a Lorentz shape were deduced from each trace 
by measuring the separations of the points of one-half, 
three-quarters, and full-maximum signal. The absence 
of any trend in the discrepancies among these determi- 
nations confirms that the shape is indeed Lorentzian, as 
it should be for collision broadening. Since the deflection 


‘E. R. Andrew, Phys. Rev. 91, 425 (1953). 
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is stationary at the maximum signal points, the accuracy 
with which their separation may be determined is rather 
limited in the presence of noise. Thus, the other two 
determinations were given the dominant weight when 
the best experimental value was chosen for each chart. 
Each piece of raw data is the average of these best 
widths from two charts of the given line at the same 
temperature and pressure. 

The data obtained in this way were fitted to a depend- 
ence of the form 


AH = (AH) + (AH/P)P (4) 


by least Since (AH)> is the result of field 
inhomogeneity over the cavity, its value should increase 
smoothly as one considers lines at increasing fields. On 
this basis a smoothed set of (AH)» values was chosen, 
and from them a new fit for the AH/P values was made. 
This procedure allows us to obtain some of the ad- 
vantages of the data on all lines in fitting each line. 
Two completely independent sets of data were taken 
and fitted in this way. They were made with different 
cavities and different pole pieces. In each set, data were 
taken at three to ten different pressures at each tempera- 
ture. The adjustment procedure described is supported 
by the fact that the largest adjustments were of opposite 
sign for the two sets and tended to bring the data 
toward a common result. Thus we are assured that our 
procedure only averages out random errors and does not 


squares. 


eliminate any actual effect. 
3. RESULTS 


The results of our measurements are given in Table I. 
The conversion to frequency widths made use of the 
computed dv/dH factors quoted in II. The indicated 
errors are estimated limits of error based on the errors of 
the individual least-squares fittings and on the differ- 
ences between the results obtained with the two sets of 
data. 

For comparison, let us also consider the results of 
Beringer and Castle.* As far as the transitions were 
identified in reference 2 (half only to K value), they 
were correctly assigned except for line 17. However, the 
calculations of II allow total identification to be made 
and the proper dv/dH factors calculated to convert 
widths in gauss to widths in megacycles per second. 
Values for the line widths of reference 2 corrected by a 


Tassie I. Line-breadth data. (Av/P is in (Mc/sec)/mm Hg.) 
ae /P av/P Ay /P Ar (air 

Transition Os at On at Air at 
K J Ml 300° K 7a°K 78 Ar(Or * 
11 -1-—@0 2.35420.10 613403 613403 1002006 0.714004 
i 1-2 2.2020.10 600202 602403 1002006 0.74200 
i 0-1 §.92+0.3 
! 1 @ 2.2320.14 6.20201 6.21202 1002004 0.762006 
; 0-1 §.93203 663203 1.122008 
‘4 1-0 2.004010 $.7040.3 612403 1.074006 0.78 40.06 
5 4 0 1 60 +05 
§ 6 i «#0 55 +03 
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TaBLe II. Line-breadth data of Beringer and Castle re-evaluated 
by our work. 














. “oe Transition Corrected 4x/P 
number <K J M 300°K 85°K 78°K n 
2 1 1 —1-—0 2.24 652 6.98 0.85 
5 1 2 1—+2 249 698 7.47 0.82 
9 1 2 0-1 6.21 6.65 
12 1 2 —1—0 2.08 638 6.84 0.89 
14 3 2 0-1 5.83 6.24 
19 3 4 —1-—0 6.62 7.09 
3 3 2 0-1 6.97 7A7 
4 3 452 —2--1 242 7Al 7.94 0.89 
17 5 4 0-1 683 7.31 
16 5 4-6 0-1 7.02 7.52 
7 5 64 -2—-1 2.18 6.16 6.60 0.825 
11 9 8-10 2-3 6.57 7.04 


* See reference 2 


factor of (H/v)(dv/dH) are also tabulated in Table IT.§ 
The temperature-dependence exponent, m, is indicated 
in the last column. To simplify direct comparison with 
our data, their 85°K data have been converted to 78°K 
by using an average T-dependence. 


4. DISCUSSION 


First, let us compare our results with those of refer- 
ence 2. Our correction has greatly reduced the scatter of 
these results. However, the agreement with our data is 
still rather poor. At 300°K, our results agree in the mean 
but have a mean deviation of roughly +8 percent. At 
78°K our means differ by 14 percent, but the mean 
deviation about that is only +5 percent. This difference 
in behavior at the two temperatures is such that our 
values of the exponents n are in the vicinity of 0.75, 
whereas their values are near 0.85. It seems clear that a 
systematic error is present. One possible source of error 
is in the measurement of the temperature, particularly 
of the low temperature. We measured the low tempera- 
ture with a thermocouple soldered to the cavity wall. 
This thermocouple was calibrated at the boiling points 
of Nz and Os, as well as at the ice point, and tempera- 
tures could be read to a fraction of a degree. It was found 
that this temperature was always within a degree of 
78°K with the liquid N; which we used. The data of 
Beringer and Castle are quoted at 85°K though liquid 
air was used.* The varying composition as the air boils 
away will cause an error since cavity temperatures are 
not directly measured.* However, even if we presumed 
that their temperature was as low as 78°K, their line 
width would stili exceed ours. Perhaps a more promising 
explanation lies in the residual width (AH)> at zero 
pressure. No particular effort was made to take field 
homogeneity into account in the work reported in 
reference 2.* Figure 6 of that paper would indicate the 





* That the assumption of a linear » to H relationship implied by 
the use of »/H as a conversion factor may introduce large errors 
was acknowledged by Beringer in Ann. N. Y. Acad. Sci. 55, 818 
(1952) 

* R. Beringer (private communication). 
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correction is negligible for 300°K measurements, in 
agreement with our deduction. The fact that they used a 
different cavity at low temperatures and at room 
temperatures would make the observed differential 
effect possible, especially for measurements at 2 or 3 
mm Hg pressure used in reference 2 in the line breadth 
studies.* Since in our work, the same cavity and posi- 
tioning were used for both temperatures, and since the 
residual width was carefully handled, it would appear 
that our data should be reliable. 

Considering only our data on QO, self-broadening, 
there seems to be a trend toward lower line widths with 
increasing rotational quantum number K. However, the 
decrease in signal strength with increasing K has pre- 
cluded carrying this far enough to establish whether it 
levels off or continues to drop slowly. In any case, the 
variation with K is slight. Three transitions with K=1, 
J =2 were studied in an attempt to find any M-depend- 
ence of the line width. Since the widths of these three 
lines all agree within the experimental error, we conclude 
that the dependence on M is negligible, as expected. It 
should also be remarked that the magnitudes of our line 
widths are in general agreement with those found for the 
same value of K by Anderson ef al.; by Hill and Gordy; 
and by Artman. 

The lines observed in this spectrum each come from a 
single transition, rather than from a sum of transitions 
of degenerate M states as in field-free spectroscopy. It 
was of interest to see if there were any of the pressure 
shifts that are allowed in phase-shift theories of broaden- 
ing. Measurements of the positions of line centers over a 
range of pressures up to 8 mm Hg indicate that any such 
shifts must be less than two percent of the line width. 

We find that the exponent nm in the temperature de- 
pendence increases slightly with both J and K, but the 
differences are all within the limits of error. The mean 
value of n, 0.75, should be compared with the average of 
0.87 found by Beringer and Castle and the average of 
0.85 found by Hill and Gordy in the 5-mm spectrum. 

The theoretical position on line widths in the micro- 
wave spectrum of O, has been carefully reviewed by 
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Artman using Anderson’s’ semidiabatic method. He 
finds that the magnetic dipole-dipole interaction, which 
would give n= 1, is completely negligible in magnitude. 
The electric quadrupole-quadrupole interaction, which 
is the next longest range interaction available, would 
give n= 0.75, but again the magnitude would seem to be 
an order of magnitude too small to account for the entire 
line width. He finds that a combination of polarizability 
and exchange interactions dominate. This short range 
interaction gives n=0.627, rather near the hard sphere 
value of 0.5. In view of these theoretical expectations, 
our lower value of » is definitely more understandable 
than the old values. Our data are also in reasonable 
agreement with Artman’s prediction of a line width 
independent of K except for a slight drop from K=1 to 
K>1. 

Finally, let us consider the data on the ratio of air- 
broadening to self-broadening at 78°K presented in 
Table I. We find that for the three different K=1 
transitions the ratio is 1.00+0.06; for the two K=3 
transitions the ratio is 1.10+0.10. These results are 
rather surprising in view of the fact that both Anderson 
et al. and Artman found N; only about 85 percent as 
effective a broadening agent as Oy». Of course, since both 
of these investigations were at room temperature and 
were of the millimeter spectrum, which involves some- 
what different states, a direct comparison may not be 
significant. 


5. CONCLUSIONS 


On the basis of our data we conclude that the line 
width is independent of M and decreases slightly with 
increasing K. We find the average temperature depend- 
ence exponent n to be 0.75. This is nearer the theoreti- 
cally expected value of 0.627 than the previous values of 
roughly 0.85. The line centers shift less than 2 percent of 
the line width for pressures up to 8 mm Hg. Finally, we 
find O2— N: collisions to be no less effective than O,—O, 
collisions in producing broadening. 


7P. W. Anderson, Phys. Rev. 76, 647 (1949), 
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Absorption Cross Section of Helium and Argon in the Extreme Ultraviolet 
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The absorption of radiation of wavelength between 240 A and 1000 A in helium and argon was measured 
photometrically in a grazing incidence vacuum spectrograph. For helium a sharp absorption edge was 
observed at 504.3 A. Near this edge the photoionization cross section at 495.7 A was found to be 6.95X10™* 
cm*. The variation of the cross section as a function of the wavelength was in agreement with the computed 
curves by Wheeler and Vinti within the experimental error limit. For argon three absorption edges exist at 
786.8 A, 778.0 A, and 424.0A corresponding to the M;, Mz, and M, edges, respectively. Possible auto- 
ionization phenomena between the M; and M, edges were observed. The cross section at the M; edge was 
found to be 3.5 10~" cm? which is comparable with the value computed by Dalgarno. 





INTRODUCTION where N is Loschmidt’s number. In the foregoing equa- 
tions, J) and J are the incident and emergent intensities 
of light when passing through a layer of the absorbing 
gas x cm thick at N.T.P. From the photometric deter- 
mination of the emergent intensities at different pres- 
sures of the absorbing gas, the k-values were thus 
obtained. 


HE absorption of radiation in the extreme ultra- 

violet by inert gases was first observed qualita- 
tively by C. Cuthbertson.! During the recent years 
photometric techniques in the vacuum ultraviolet have 
been improved to such an extent that the determination 
of absorption cross sections of gases in this spectral 
region was possible within an experimental error of pHOTOIONIZATION CROSS SECTIONS IN HELIUM 
about ten percent. The cross sections of neon* have been 
measured and were found to be in good agreement with 
the values computed by Seaton. This work concerns 
itself with the cross sections of helium and argon. 
Results were obtained in the same manner as described 
for neon.? Tank helium and argon were supplied by the 


Helium is transparent in the wavelength region 
longer than 504.8 A except for resonance line absorption. 
Many source lines near 500 A were available for this 
investigation, since a mixture of argon and helium was 
used as a discharge carrier gas in the light source.* 





Air Reduction Pacific Company, Los Angeles, Cali- k 
fornia. The helium contained 1X 10~ parts of hydrogen, fenr)} |K: edge 
and argon 10°* parts of oxygen as impurities, fractions wy Tg 
too small to introduce serious experimental errors. ye " 
a . . . — yy XY T ica 
The determination of the absorption coefficient was ie ransitin  e\ vinT 
based on Beer’s law, Zo) Ss 
l=Ie™, | ay, ao Theoretica 
ait, Sen, > WHEELEF 
where the absorption coefficient, &, is in units of cm™ ++ 
at N.T.P. The cross section ¢ is given by | Eserisienes ag toy, 
‘ » an ete, 
, r z = 
o= bk N : L | + tos 
500 400 x300~C:*«CC WY 


Taste I. Absorption coefficients in helium as 


a function of the wavelength " , ; ; ‘ 
naan pres Fic. 1. Absorption coefficients of helium as a function of wave- 


length. + represents the measured values of the coefficient & 


Source line k Source line & and % indicates values whose error limit is larger than 15 cm™ 
wavelength (A m wavelength (A cmt) but unknown. The solid curves indicate the absorption contour 
Orv 7798 0 2X Nu 418.9 120 computed by Vinti and by Wheeler. 
On 675.7 0 2X Ont 395.6 92 
oo 4 / - ax ee a ; os A sharp absorbing edge was observed between the 
Ni 506.1 0 2% Nun 358.3 98 source lines Am 504.80 and Arm 503.64 which agreed 
? pay 186 2x Se ay 75 with the computed value 504.27 A from spectroscopic 
On 485.6 162 2 Nu 323.6 80 3 4’ - con : j 
> 452.0 160 2% On 306.0 45 data* Phe k-values of the adjacent continuum are 
2 Ou 445.6 142 2X Niv 283.6 0 given in Table I and shown in Fig. 1. The absorption 
2X On 434.9 115 2X Niv 247.2 25 of Het 584.3, a resonance line of helium, was due to a 
2X Nu 428.2 110 2X Orv 239.6 25 ee > : . 
process of photoexcitation. The continuous absorption 
+ Po Lee and G. L. Weissler, J. Opt. Soc. Am. 42, 80 (1952). 
'C. Cuthbertson, Proc. Roy. Soc. (London) All4, 650 (1927). ‘C. E. Moore, Atomic Energy Levels, National Bureau of 
* Po Lee and G. L. Weissler, Proc. Roy. Soc. (London) A219, Standards, Circular No. 467 (U. S. Government Printing Office, 
71 (1953). Washington, D. C., 1949), Vol. I, p. 4. 
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he absorption spectrum of argon 
The lower curve is the corre- 


Fic. 2. A photograph of t 
between the M; and M;, edges 
sponding microdensitometer trace 


was obviously due to photoionization in which a 
1s-electron in the ground state was ejected from the 
atom by the incident photon. Wheeler’ and Vinti® 
have computed the absorption coefficient of helium. 
Their results are shown in the Fig. 1 as solid lines. The 
theoretical cross section obtained at the spectral head 
was 7.4X10~'§ cm’, while the experimental value from 
the extrapolation of the dashed curve in Fig. 1 was 
7.3X10~'%. The experimental cross sections fall off 
more rapidly than Wheeler’s and seem to follow Vinti’s 
curve more closely, with a probable error in the meas- 
urements of about 15 cm 


PHOTOIONIZATION CROSS SECTIONS OF ARGON 
Since argon has a lower ionization potential than 


helium, its absorption extended over a comparatively 


TABLE II. Absorption coefficients in argon as 
a function of the wavelength 


Source line k Source line A 
wavelength (A cr wavelength (A cm~' 
Arv 843.7 0 Au 725.5 880 
Arv 827.3 0 Arv 700.3 950 
? 781.2 520 Arv 683.2 940) 
Orv 779.8 515 Nu 671.7 94) 
Nu 776.0 960 Nu 660.3 900 
Nu 772.3 920 On 644.1 900 
Nut 771.9 970 Au 637.2 900 
Aut 769.1 890 Orv 625.8 860 
Nu 747.0 940 On 617.1 &50 
Nu 745.8 O4) Au 602.8 850 


5 J. A. Wheeler, Phys. Rev. 43, 258 (1933) 
* J. P. Vinti, Phys. Rev. 44, 524 (1933) 
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Fic. 3. Absorption coefficients of argon as a function of wave 
length. + represents the measured values of the coefficient & 


and & indicates values whose errer limit is larger than 50 cm™ 
but unknown. © indicates the value computed by Dalgarno 


larger spectral region. The continuous emission spec- 
trum of molecular helium’ served in this case as a light 
source to provide qualitative information on the ab- 
sorption of argon near its ionization limits. The spec- 
trum thus obtained showed two sharp absorption edges 
near 786 A. There was a group of resonance absorption 
lines at longer wavelengths due to 3p—>nd and 3p—>ms 
transitions. Like helium and neon, the absorption 
coefficients in these resonance lines were smaller than 
those in the continuous absorption and are not given 
here. The print in Fig. 2 shows the absorption spectrum 
between the edges at 786.72 A and at 777.96 A, respec- 
tively. Below the print is the corresponding micro- 
densitometer trace. A series of resonance lines which 
converged to the M; edge as a limit is in evidence. They 
are diffuse due to the perturbation of the adjacent 
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Fic. 4. Absorption cross sections of the three inert gases, 
argon, neon, and helium. 


7Y. Tanaka, Sci. Papers Inst. Phys. Chem. Research (Tokyo) 
39, 465 (1942) 
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continuum of the *P,° ionization limit. It is therefore 
not surprising that the cross sections were found to 
vary rapidly in this region. 

The absorption coefficients of argon were measured 
with a discrete line emission source in the same manner 
as neon and helium and results are presented in Table II 
and Fig. 3 with a probable error of about 50 cm™. 

Near the M; edge, the first ionization limit, two low 
k-values were obtained for source lines ? 781.2 A and 
Orv 779.8 A. They might be considered as indicative of 
the magnitude of the photoionization cross section due 
to the transition of one of the 3p-electrons to the 
continuous level corresponding to the series limit *P,°. 
Below the M, edge the measured k-value represents the 
total contribution of two possible transitions and falls 
off slowly toward shorter wavelengths At the M, edge 
the cross section was estimated to be 3.5X10~" cm’. 


G. 


L. WEISSLER 

This may be compared with the photoionization cross 
section of 3X10~"” cm? as calculated by Dalgarno for 
argon at the spectral head. 

In the range between 550 A and 420 A, many com- 
paratively large k-values were found as indicated by 
crosses above the dashed curve in Fig. 3. They may 
possibly be explained as due to autoionization near the 
M, edge. In contrast, below this edge the absorption 
coefficients were found uniformly lower. 

In summarizing the results obtained, the variation 
of the photoionization cross sections of helium, argon, 
and neon versus the energy of the incident photon are 
shown in Fig. 4. 

The continued support of this work by the Office of 
Naval Research is gratefully acknowledged. 


* A. Dalgarno, Proc. Phys. Soc. (London) A65, 666 (1952). 
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The photoionization cross sections of several gases were obtained by making simultaneous measurements 
of the total absorption cross sections and ionization efficiencies in the wavelength region from 473 A to 
1100 A. In each case the total absorption cross sections were in agreement with those reported by others 
For O,, the ionization cross sections were found to be between 5 and 30 10~* cm?, while those for Nz were 


close to 23x10""" 


cm* over almost the entire range studied. The ionization cross section of argon at the 


onset of ionization was compared with the theoretical estimate made by Dalgarno. The long-wavelength 
limits for photoionization were determined and were found to yield ionization potentials in good agreement 
with those obtained by spectroscopic and electron impact methods 


INTRODUCTION 


RESENT interest in the physics of the upper 
atmosphere and in that of gaseous discharges has 
motivated a renewed effort to measure the photoioniza- 
tion cross sections of several of the permanent gases 
and the alkali 
' these cross sections may be inferred 


* 


For a few gases, such as Ne,’ A, CH,? 
metal 
from their total absorption cross sections. However, 


vapors, 


since in gases several competing absorption 
processes may be expected, the most unambiguous 
results can be obtained only from a direct measurement 


of the number of ion pairs produced per photon ab- 


many 


sorbed in the gas.‘ 
The work reported here was concerned with measure- 


'P. Lee and G. L. Weissler, Proc. Roy. Soc. (London) A219, 71 
(1953 

*H. Sun and G. L. Weissler, J. Chem. Phys. (to be published 

* Ditchburn, Tunstead, and Yates, Proc. Roy. Soc. (London 


AISI, 386-99 (1943 

‘F. L. Mohler, Phys. Rev. 28, 46-56 (1926 

* Watanabe, Zelikoff, and Inn, AFCRC Technical Report No 
52-53 (unpublished); also, Phys. Rev. 91, 1155 (1953); K. 


Watanabe, J. Chem. Phys. 22, 1564 (1954 





ments of the absolute photoionization cross sections 
and ionization efficiencies of O2, Nx, COs, A, He, H2O, 
and CH, as a function of wavelength between 473 and 
1020 A. Techniques employed in this investigation were 
essentially the same as those described in an earlier 
paper containing preliminary results for O, and N:.® 


APPARATUS AND PROCEDURE 


The equipment employed in this study consisted of 
three major components, a light source and normal- 
incidence vacuum monochromator, instruments for de- 
termining the absolute light intensity at the exit slit, 
and an assembly of ion chambers, mounted in a gas- 
filled experiment chamber behind the exit slit, in which 
the ionization currents and absorption coefficients were 
measured. The light source and monochromator have 
been described previously.* A line-emitting light source 
was used in preference to the frequently employed 
continuum in order to facilitate the separation of first- 


*Wainfan, Walker, and Weissler, J. Appl. Phys. 24, 1318 
(1953 
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Taste I. Monochromator wavelengths. 
Nominal Emission lines included Nominal Emission lines included 
wavelength 0.6-mm slits 0.3-mm slits wavelength 0.6-mm slits 0.3-mm slits 
in angstroms Approx resolution 10 A Approx resolution 5 A | in angstroms Approx resolution 10 A Approx resolution 5 A 
473 473.0 Am 4764 Am 728 Not resolved 725.5 Anu 730.9 An 
473.9 Am 481.8 Am 
A 762 Not resolved 759.4 Ov 761.5 Atv 
508 503.6 An 508.7 Aim 760.2 Ov 762.0 Orv 
507.4 Om 510.6 An 760.4 Atv 763.3 Niv 
507.7 Our 511.5 Am 761.1 Ov 7644Nm 
508.2 Onmr 511.6 Aim 
508.4 Am 512.8 Am 770 763.1 Niv 771.9 Nu 770.3 Ox 772.5 Num 
508.6 Art 769.2 Amt 772.5 Nu 7729 Nu 7760 Nu 
- 7694 Or 776.0 Nu 771.5 Nut 779.8 Orv 
530 525.8 Om 532.4 Art 7729 Nut 779.8 Orv 771.9 Nut 779.9 Ow 
poe ne po pos 771.5 Nm 779.9 Ow 
529.9 Am 535.6 Aim 
530.5 An 536.7 Aut 787 787.9 O1v 7904 Ow 787.9 Ow 7904 Orv 
550 547.9 An 554.1 O1v 7G.) Cov 71 Ove 
a Aa oe yn 797 796.7 Ou 796.7 On 
553.5 Aut 825 Not resolved 822.2 Av 8274 Av 
7 Av 
575 572.0 Am $78.6 Au Sar.) aN 
ee eee 833 827.1 Av 833.7 Ou 8328 Ou 8345 Ou 
Pree 827.4 Av 834.5 Om 832.9 Om 835.1 Om 
ae 832.8 Ou 835.1 Om 833.3 On 835.3 Om 
ti ; 
598 aos Piss 3 = 832.9 On 835.3 Om 833.7 Ou 
300.6 Ou 833.3 Ou 
627 624.6 Orv 625.9 Orv 843 Not resolved 840.0 Ary 843.8 Arv 
5.1 Orv 629.7 Ov 
625.1 Ory 629.7 850 Not resolved 850.6 Atv 
OALA | 644.6 N a ‘ = aa 
oe 4 - 6448 Nu 872 Not resolved 871.1 Aut 876.1 At 
643.3 Am 645.2 Nu 875.5 Amt 
‘ » 
asics 894 Not resolved 894.3 Ar 898.9 Om 
662 661.9 Au 6604 Nu 7 : > ‘ 
663.1 O 666.0 Au 920 915.6 Nu 922.0 Nv 9198 An 923.0 Niv 
915.9 Nu 923.0 Niv 921.3 Orv 923.2 Niv 
687 683.3 A1v 685.8 Nim 684.9 Nin 686.3 Nut 916.0 Nu 923.2 Niv 921.4 Orv 923.4 Orv 
684.9 Nur 686.3 Nut 685.5 Niu 688.4 Arv 916.7 Nu 923.4 Orv 922.5 Niv 923.4 Niv 
685.5 Nur 688.5 Aiv 685.8 Nun 9168 Au 923.4 Niv 
921.3 Orv 
704 702.3 Our 703.8 Om 702.3 Our 703.8 Orn | 
702.8 Our 704.5 Ar 702.8 Omr 704.5 Au 955 955.3 Niv 955.3 Niv 
702.9 Om 704.3 Atv 702.9 Om 704.3 Arv 
979 979.8 Nia 979.9 Nun 979.8 Nur 979.9 Nin 
716 Not resolved 715.6 Av 715.7 Av 
991 988.6 Or 990.2 O1 988.6 Or 990.2 O1 
720 715.6 Av 718.6 On 718.1 An 718.6 On 988.8 O;1 9908 O1 988.8 O1 9908 O1 
715.7 Av 7234 An 718.5 Ou 723.4 An 989.8 Nu 991.5 Nu 989.8 Nur 991.5 Nu 
718.1 Aum 725.5 Au 989.8 Nu 991.6 Nur 989.8 Nu 991.6 Nu 
718.5 On 990.1 Or 990.1 Or 





order from higher-order spectral components. For most 
of the gases studied, the photoionization cross sections 
were established using two 1.5-cm-long ionization cham- 
bers spaced 10 cm apart along the light beam. The 
ionization currents generated in these ion chambers 
were between 10~" and 10~" ampere and were measured 
with a Beckman, Model V, micro-microammeter. 
A windowless Reeder thermopile having a sensitivity 
in vacuum of 1.05 microvolts per microwatt was used 
to determine the photon flux at the exit slit.” In addition 


7D. M. Packer and C. Lock, J. Opt. Soc. Am. 41, 699 (1951); 
see also, K. Watanabe and E. C. Y. Inn, J. Opt. Soc. Am. 43, 
32 (1953). 


to this, a 1P28 photomultiplier tube, sensitized to 
ultraviolet radiation by having it view a fluorescent 
screen (Sodium Salicylate or Apeizon L grease),’ was 
calibrated against the thermopile and used as a second- 
ary radiation detector. Primary and exit slit widths of 
0.6 mm each limited the resolution of this system 
to 10 A, 

In order to provide a check on the accuracy and to 
eliminate instrumental errors the work was repeated, 
for several of the gases, using three, 3 cm long, ionization 
chambers in tandem, each separated by a distance of 
oa Watanabe, and Tousey, J. Opt. Soc. Am. 41, 702 
(1951). 
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Fic. 1. Photoionization efficiencies of O;. A Data taken with 


1.5-cm ion chambers, and 10 A resolution Data taken with 
3-cm ion chambers, and 5 A resolution. The first ionization limit 
at 1019+ 10 A is indicated on the wavelength axis by an arrow 


25 cm. For use in conjunction with these chambers the 
Reeder thermopile was replaced by one of the Schwarz- 
Hilger type. Its increased sensitivity of 9.5 microvolts 
per microwatt in vacuum eliminated the necessity for 
the photomultiplier tube and permitted the use of 
0.3 mm wide slits which gave a 5 A resolution. 

Because of the five- to ten-angstrom resolution of the 
monochromator, the radiation at each of the nominally 
assigned wavelengths consisted, in many cases, of a 
number of individual light source emission lines. Al- 
though no detailed identification of these lines was 
made, spectrograms were taken with a 10-micron wide 
primary slit and compared with the wavelength table 
compiled by Boyce and Moore.’ The possible emission 
lines falling within each resolved wavelength band are 
tabulated in Table I. In addition to the line emitting 
source, a hydrogen glow discharge* was used providing 
a wavelength continuum down to about 900 A. This 
light source helped to establish the long wavelength 
jonization limits in O, and CH,. 

In order to determine both the photoionization 
efficiencies and cross sections of a particular gas it was 
first necessary to determine the absolute absorption 
coefficient & of the gas. At the working pressure and 
temperature the value of & is defined by Lambert’s law 
as follows: k= —|n(/4/Jo)/d. Since the saturated ioniza- 
tion currents are proportional to the intensity of the 
light beam passing through the ion chambers, this can 
be written as k= — In(i./i,)/d, where i, is the ion current 
in the ion chamber nearest the exit slit and i, is that in 
another chamber separated a distance d cm from the 
first. From a knowledge of & and the incident photon 
flux at the exit slit the number of photons per second V 
absorbed in the first ion chamber may be obtained as 
follows: NV =Jo{exp[ —&X ]—exp[—k&(X+L)]}, where 
Ty is the photon flux at the exit slit of the gas-filled 
experiment chamber, X is the distance between the 
exit slit and the leading edge of the first ion chamber 
and L is the length of the collector electrode for this 
ion chamber. The photoionization efficiency y, in per- 


*J. C. Boyce and J. T. Moore, “Provisional Wavelength 
Identification Tables for the Vacuum Ultraviolet,”’ Massachusetts 
Institute of Technology, 1941 (unpublished) 


AND WEISSLER 
cent, can then be calculated from the ratio of the 
ionization current in charges per second to the number 
of photons per second absorbed in the ion chamber, 
that is, y=(i,/N)X100. The total absorption cross 
section ¢, obtained by dividing the value of k by 
Loschmidt’s number, can then be combined with the 
photoionization efficiency to give the cross section for 
ionization by all processes from the relation o;=cy. 
Test runs made with the experiment chamber evacu- 
ated to a pressure of about 5X10~* mm of Hg, as well 
as the occurrence of sharp ionization onsets, indicated 
that photocurrents from the ion chamber walls due to 
reflected or scattered light were negligibie. The re- 
maining possible sources for error in the present 
investigation, included in calculating the probable 
errors of the photoionization results presented, were 
the following: (1) an estimated five percent error in 
the determination of the absolute light intensity, 
(2) a five percent calibration error in the current 
recording system, (3) an error in the absolute pressure 
measurements, and (4) an error in the measured total 
absorption coefficients. Since the ionization cross section 
depended directly on the value of the total absorption 
coefficient, there was some variation in the accuracy 
of the results for different lines. The probable errors 
for each line are indicated in the figures. 


RESULTS AND DISCUSSION 


Because of their importance in upper atmospheric 
physics, the gases O, and N» were investigated in detail. 
In addition several] less abundant atmospheric com- 
ponents, CO», A, He, and H,O were studied, though less 
extensively. Theoretical interest also motivated a brief 
consideration of CH,."® 


Oxygen 


Ionization efficiencies and cross sections for Oy, are 
graphically presented in Figs. 1 and 2 and together 
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Fic. 2. Photoionization cross sections of O:. A Data taken with 
1.5-cm ion chambers Data taken with 3-cm ion chambers. 
X< Estimate of ionization continuum made by Lee and Weissler 
(reference 14). The first ionization limit at 1019+10 A is indi- 
cated on the wavelength axis by an arrow. 


* A. Dalgarno, Proc. Phys. Soc. (London) A65, 663 (1952). 
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Taste II. Photoionization in O+. 








With small ion chambers 


With large ion chambers 





Av of 2 runs (1 at 100 microns, 1 at 50 microns) 


































with the total absorption cross sections are compiled in 
Table I. 

The onset of ionization was found at 1019+10A 
corresponding to an ionization potential of 12.1+0.1 
volts." This value was found to be in good agreement 
with the 12.1+0.20 volts obtained by Hagstrum” for 
the production of O,*-ions by electron bombardment 
and with the 12.2+0.1 volt result of Price and Collins” 
for the transition O, X *2,-—+O0,* X *II,. Good agree- 
ment was also noted between the total absorption cross 
sections presented and those of Weissler and Lee." 
Between the first ionization limit at 1019 A and the 
second at 763 A most of the photoions were produced 
in the O, X *2,--0,* X “Il, transition. The possibility 
of autoionization cannot be excluded entirely because 
of the existence of strong molecular absorption bands 
in this region. However, it was impossible to observe 
this process separately in the present work. Resonance 
absorption bands reported by Collins and Price,” 


The ionization limit presented here is at a slightly longer 
wavelength than that previously reported by the authors (see 
reference 6). The present value was obtained after a small error 
in the wavelength scale of the monochromator had been cor- 
rected. It should also be noted that in the previous paper the O, 
ionization limits were stated incorrectly. The correct designations 
are O,* X "fl, for the first ionization limit, O,* 4 Ml, for the 
second, and O,*:A "I, for the third. 

2H. D. Hagstrum, Revs. Modern Phys. 23, 185-203 (1951). 

3 W. C. Price and G. Collins, Phys. Rev. 48, 714-19 (1935). 
“G. L. Weissler and P. Lee, J. Opt. Soc. Am. 42, 200-203 
(1952). 





os X10"* cm? Eff in % ion X10 cm* wr X10" cm? Eff in % fion X10" cm? 

26.0+2.6 88.8+ 13.2 23.1 +4.1 

27.7428 89.94 13.5 24.9 +45 

29.0+2.9 90.3213.5 26.2 +4.7 

29.342.9 82.7+12.4 24.2 +44 

31.243.1 82.0+ 10.3 25.6 +4.1 

24.0+2.4 99.8+13.0 23.9 +4.0 

31.543.2 90.8+13.6 28.6 +5.2 

31.043.1 94.9414.2 29.4 +5.3 

29.0+2.9 98.4+19.7 28.5 +6.4 

21.9+2.2 90.2+11.7 19.8 +3.3 24.6 +1.05 83.9411.8 20.6 +3.0 

33.443.3 79.2% 9.5 26.5 +4.1 34.4 +1.6 75.64 6.5 26.0 42.5 
32.5 +1.6 58.44 4.5 19.0 +1.7 

34.623.5 73.74 8.9 25.5 +40 35.2 +1.5 68.44 7.4 24.2 +2.8 
31.0 +1.7 674+ 7.5 20.8 +2.6 
24.9 +2.1 54.5% 7.3 13.6 +2.2 

22.742.3 478+ 5.7 10.9 +1.7 24.1 +1.2 495+ 4.5 11.9 +1.2 

31.0+3.1 42.1+ 63 13.1 +2.4 32.0 +1.7 46.74 58 14.9 +2.0 

35.243.5 23.94 3.0 8.41+1.4 38.2 +23 30.6% 3.0 11.7 +14 
16.5 +1.2 38.2+ 3.2 6.30+0.70 

14.5+1.5 32.3% 3.9 4.67+0.75 15.2 +0.79 38.7+ 2.9 §.88+0.54 
14.3 +0.96 31.14 3.7 4.34+0.61 
11.4 +0.84 39.64 4.5 4.50+0.61 
14.1 +0.70 63.24 7.3 8.91+1.1 
16.1 +0.63 84.62 8.1 14.0 +14 

12.5+1.9 65.1+13.0 8.1742.0 14.3 +1.1 81.8+10.6 11.7 +2.2 

17.5+2.6 46.0+ 9.2 8.05+2.0 16.9 +2.5 52.44 5.5 8.86+ 1.6 

22.4+3.4 314+ 6.3 7.04+1.8 28.1 +3.9 44.64 33 12.5 +2.0 
9.2 +1.2 424+ 34 3.9 +0.59 
4.75+1.5 4.134 3.7 1.96+-0.64 


Av of 5 runs (2 at 96 microns, 2 at 44 microns, 1 at 
23 microns) 


which were found down to about 680 A, coincide with 
the regions of low-ionization efficiencies. The non- 
ionizing absorbed photons were assumed to excite those 
molecular states which give rise to these bands. In the 
region of continuous absorption below 680 A the high- 
ionization efficiencies indicated that almost all the ab- 
sorption occurred by one or more of the energetically 
possible photoionization processes. 

The data for O, were obtained for pressures from 23 
to 100 microns and within this range the results were 
found to be independent of the pressure. Thus, it is 
unlikely that two step ionization events occurred in 
the gas. In addition the hydrogen glow light source was 
used to explore the region between the ionization limit 
and the Lyman a line at 1216 A. No evidence of two 
step ionization processes preceding the ionization limit 
was found although currents down to 3X 10~" ampere 
or two orders of magnitude smaller than those measured 
during the experiment could easily be detected. 


Nitrogen 


Figures 3 and 4 show the photoionization efficiencies 
and cross sections in Nz. These results in addition to 
the total absorption cross sections are compiled in 
Table III. 

From an onset at 792+5 A the ionization efficiency 
increased rapidly to values near 100 percent at about 
700 A, and at wavelengths shorter than this nearly the 
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With large ion chambers 








a owe X10"* cm? Ef in % Sion X10"* cm* owt X10"* cm? Ef in % ion X10" cm? 
473 24.542.5 84.5+12.7 20.8+3.8 

508 25.042.5 88.5413.3 22.2+4.0 

530 25.8+2.6 89.0+13.4 23.0+-4.2 

550 27.142.7 86.0+12.9 23.344.2 

575 24.1424 87.5+13.1 21.1+3.8 

598 22.4+2.2 101.0+15.0 224+4.0 

625 22.7%2.3 101.5+15.0 22.74+4.2 

644 2382424 93.1+14.0 22.1+40 

662 W3I+46 99 0+19.8 30.047.5 

687 25.742.6 88.8+ 13.3 229+4.1 27.4+1.20 82.4+-6.2 22.6+2.0 
704 24.0424 89. 8+13.5 21.5423.9 254+1.04 91.349.5 23.0+2.6 
716 26.7+1.20 69.5+6.7 18.6+2.0 
720 214+2.1 100.7415.1 2144+3.8 20.14-1.07 80.3+6.6 16.2+1.6 
728 37.5429 69.92-7.3 25.543.3 
762 32.643.7 65.0+5.5 21.2+3.0 
770 28.542.9 50.24 7.5 14.342.6 31.4+43.2 55.5+5.6 17.5+3.0 
787 19.341.9 45.64 68 8.8+1.6 17.543.1 51.5+7.0 9.0+2.0 


1 run at 100 microns 


entire absorption mechanism appeared to be that of 
photoionization. The onset limit corresponded to a 
first ionization potential of 15.6+0.1 volts, which is in 
good agreement with the 15.7+0.2 volts obtained by 
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Fic. 3. Photoionization efficiencies of N;. A Data taken with 
1.5-cm ion chambers, and 10A resolution. O Data taken with 
3-cm ion chambers, and 5 A resolution. The first ionization limit 
at 792+5 A is indicated on the wavelength axis by an arrow 
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Fic. 4. Photoionization cross sections of Ns A Data taken 


with 1.5-cm ion chambers and 10 A resolution. O Data taken 
with 3-cm ion chambers and 5 A resolution. X Estimate of ioniza- 
tion continuum made by Lee and Weissler (reference 16). The 
first ionization limit at 79245 A is indicated on the wavelength 
axis by an arrow. 


3 runs (1 at 102 microns, 1 at 43.5 microns, 1 at 
29.0 microns) 


Hagstrum” and also with the ionization limit of 796 A 
or 15.58 volts for the transition Nz X 'Z,*->N,* X 72,* 
as determined from band spectroscopy.'® Again as in 
the case of O, the total absorption cross sections agreed 
with previous results.'® 

Excitation of the o, 2s-electrons to levels above the 
first ionization limit made autoionization a possible 
mechanism in N».'? Since Hagstrum found no N*-ions 
appearing at electron impact energies less than 24.3 ev 
corresponding to a wavelength of 508 A, it was assumed 
that almost the entire absorption mechanism between 
796 and 508 A involved the production of N,*-ions by 
the removal of the a, 2s- or possibly the o, 2s-electrons 
from the molecule. 


Carbon Dioxide 


Photoionization results for CO, are shown in Figs. 5 
and 6. An ionization potential of 14.0+0.3 volts corre- 
sponding to 883+15 A was observed for this gas. The 
relatively large uncertainty of +15 A in the position 
of the onset was due to a lack of sufficient light source 
emission lines near this onset. Within the error limits 
stated the present result agreed with the 13.73+0.01 
volt figure obtained by Price and Simpson"* from an 
analysis of the absorption spectrum of CO,. Total 
absorption coefficients, reduced to N.T.P., varying be- 
tween 300 and 1500 cm™ were measured in the region 
from 473 to 883 A and were found to be in excellent 
agreement with recent results obtained by Sun." 
Between the onset of ionization and 690 A the rapid 
fluctuation of the ionization cross sections was pre- 





%G. Herzberg, Molecular Spectra and Molecular Structure 
(D. Van Nostrand Company, Inc., New York, 1950), p. 459. 

 Weissler, Lee, and Mohr, J. Opt. Soc. Am. 42, 84 (1952). 

7 E. R. Worley, Phys. Rev. 64, 207 (1943) 

4 W.C. Price and D. M. Simpson, Proc. Roy. Soc. (London) 
A169, 501 (1939). 

® H. Sun and G. L. Weissler, J. Chem. Phys. (to be published). 
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sumably due to the strong molecular absorption bands 
extending from 1150 to 690 A.'® Since the acceptance 
band of the monochromator included a number of 
emission lines, the presence of these absorption bands 
caused a considerable difference between data taken at 
the two different resolutions. 


Argon 


In Figs. 7 and 8 are presented results for argon. The 
ionization limit found at 790+5 A, which is equivalent 
to 15.7+0.1 volts, is in agreement with the 15.76 volt 
figure listed by Moore.” From this threshold the ioniza- 
tion efficiency was observed to rise steeply as would be 
expected in the case of a monatomic gas. The photo- 
ionization cross sections were found to be in good 
agreement with the estimate of the ionization con- 
tinuum made by Lee and Weissler.** A cross section of 
27X 10~'* cm* was found at 770 A, that is, just beyond 
the onset. This result agrees with the theoretical esti- 
mate made by Dalgarno” of 30 10~"* cm? at the ioniza- 
tion limit. In this comparison, the 770 A line was chosen 
since at a 5 A resolution it was the longest wavelength 
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Fic. 5. Photoionization efficiencies of CO;. A Data taken with 
1.5-cm ion chambers and 10A resolution. O Data taken with 
3-cm ion chambers and 5 A resolution. The first ionization limit 
at 883+15 A is indicated by an arrow on the wavelength axis. 
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Fic. 6. Photoionization cross sections of CO:. A Data taken 
with 1.5-cm ion chambers and 10A resolution. O Data taken 
with 3-cm ion chambers and 5 A resolution. The first ionization 
limit at 883+15A is indicated on the wavelength axis by an 
arrow 

*™C. Moore, Alomic Energy Levels, National Bureau of Stand- 
ards Circular No. 467 (U. S. Government Printing Office, Wash- 
ington, D. C., 1949), Vol. I, p. 211. 

= P, Lee and G. L. Weissler, Phys. Rev. (to be published). 
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Fic. 7. Photoionization efficiencies of argon. A Data taken 


with 1.5-cm ion chambers, and 10 A resolution. The first ioniza- 
tion limit of 79045 A is indicated on the wavelength axis by an 
arrow. 
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Fic. 8. Photoionization cross sections of argon. A Data taken 
with 1.5-cm ion chambers, and 10 A resolution. O Data taken 
with 3-cm ion chambers, and 5 A resolution. X Estimate of the 
ionization continuum made by Lee and Weissler (reference 21). 
@ Theoretical estimate of Dalgarno (reference 10). The first 
ionization limit at 79025 A is indicated on the wavelength axis 
with an arrow. 


line lying outside the autoionization region of argon. 
The cross section for this line should therefore corre- 
spond to a direct ionization process as assumed by 
Dalgarno. Within the autoionization region, that is, 
between 787 A and 778 A, a much smaller cross section 
was observed. 


Hydrogen and Water 


Because of the general interest in H; and H,0 pre- 
liminary results in these gases are presented in Figs. 9, 
10, and 11. Total absorption coefficients for H, have 
been measured by Lee and Weissler™ who reported 
values varying between 200 and 500 cm™ in the region 
from the ionization limit at 803.7 A to 680 A, a region 
containing strong absorption bands. The absorption 
coefficients observed in the present investigation for H», 
representing averages over a 5A band width, were 
found to fall well within the range reported by Lee and 
Weissler. It should also be noted that the large ioniza- 


~ ™@ P. Lee and G. L. Weissler, Astrophys. J. 115, $70 (1952). 
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Fic. 9. Photoionization efficiencies and cross sections of H; 

Data taken with 3-cm ion chambers, and 5A resolution 
x Estimate of the ionization continuum made by Lee and 
Weissler (reference 22). The first ionization limit at 810+15 A is 
indicated on the wavelength axis by an arrow 


tion efficiencies obtained for H, verified the estimate of 
the magnitude of the ionization continuum absorption 
made by these investigators.“ For H, the ionization 
onset observed was in agreement, within experimental 
error, with the generally accepted value of 803.7 A. 

In the case of H,O, the vapor was obtained by 
sublimation from distilled water ice and its pressure 
was maintained constant by controlling the temperature 
of the ice. The total absorption coefficients obtained for 
H,0 vapor, using the vapor pressure given by a thermo- 
couple gauge, were compared to the results reported by 
Astoin, Johannin-Gilles, and Vodar® and were found 
not to agree too well in the wavelength region near 
473 A. On the basis of this comparison an estimated 
probable error of +30 percent, due to the uncertainty 
in the pressure determination, was placed on the photo- 
ionization cross sections presented in Fig. 11. An ion- 
ization limit of 98545 A corresponding to 12.5+0.1 
volts was obtained from the position of the ionization 
onset in H,O. This value was in excellent agreement 
with that obtained by Smith and Bleakney™ using 
electron impact techniques. 
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Fic. 10. Photoionization efficiencies of HyO. A Data taken with 
1.5-cm ion chambers, and 10A resolution. The first ionization 
limit at 98545 A is indicated on the wavelength axis with an 
arrow 

* Astoin, Johannin-Gilles, and Vodar, Compt. rend. 237, 558- 
Sao (1953) 

*L. G. Smith and W. Bleakney, Phys. Rev. 49, 883(A) (1936 
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Methane 


Preliminary results on photoionization in CH, are 
shown in Fig. 12. Data taken at three pressures of 16.4, 
28.5, and 50 microns were found, within experimental 
error, to be independent of the gas pressure. The total 
absorption cross sections calculated from these data 
are presented in Fig. 13 and compared there with the 
more accurate observations of Ditchburn*®* and of Sun 
and Weissler in this laboratory.** A 12.8+0.2 volt ion- 
ization potential, corresponding to 967 A, was obtained 
which is in accord with the estimate of Sun and Weissler, 
and with the 12.72 volt value reported by Smith and 
Bleakney.™ 

In the region from 800A to 700A the ionization 
efficiencies appeared to be larger than 100 percent. 
Three processes were considered to explain this anomaly ; 
(1) photoelectric emission from the ion chamber walls 
by photons from the decay of excited states of the 
ionization products, (2) secondary electron emission by 
the positive ions collected in the ion chamber, and 
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Fic. 11. Photoionization cross sections of H:O. A Data taken 
with 1.5-cm ion chambers, and 10 A resolution. The first ioniza- 
tion limit at 985+5 A is indicated on the wavelength axis by 
an arrow. 


(3) additional positive ion formation by some type of 
secondary process in the volume of the gas. An attempt 
was made to observe the presence of photoemission at 
the walls by measuring the ionization current with and 
without opaque shields masking the collector electrode 
from the region outside the ion chamber. Since no 
difference in readings was obtained with this arrange- 
ment, it was concluded that (1) was not effective in 
contributing to the increased collection current. The 
process (2) above could account for only a small 
fraction of the increased current since it appears that 
the efficiency for this process at very low energy is only 
of the order of 1 to 2 percent.” Thus it seemed probable 
that the abnormally large ionization efficiencies ob- 
served between 800-700 A were due to positive ion 
production by some, as yet not identified, secondary 





*% R. W. Ditchburn, Proc. Roy. Soc. (London) A229, 44 (1955). 
* H. Sun and G. L. Weissler, J. Chem. Phys. (to be published) 
7 J. H. Parker, Phys. Rev. 93, 1148 (1954). 
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Fic. 12. Photoionization efficiencies of CHy. A Data taken at 
100 microns with 1.5-cm ion chambers, and a 10A resolution. 
© Average of data taken with 3-cm ion chambers at 16.4 and 
28.5 microns with a 5 A resolution. The first ionization limit at 
967+10 A is indicated on the wavelength axis by an arrow. 


process in the body of the gas. For the wavelength 
region below 700 A where the efficiency is 100 percent 
the data in Fig. 13 also represent the ionization cross 
sections. In the region between the onset of ionization 
and 800A the ionization cross sections due to all 
processes, primary and secondary, can be obtained by 
combining the absorption cross sections and the ion- 
ization efficiencies. It seems clear from this preliminary 
study that more extensive work is needed in CH, to 


EFFICIENCIES 


AND CROSS SECTIONS 549 








70) 
z if 1 
on ee ae 
Aj | 
v | 
Pn 20 ry 3 ° Wt 44 
oS og EY ill 
<q * ry ‘ 
aa - : 
un 20 : 
: tf 
z 
$720 : i 
z 
a= 10) 
° neon 6,80 . 248e 
i j 
Py T Tr T jSilicas eames | 
< 000 900 600 700 600 $00 


A IN ANGSTROMS 


Fic. 13. Absorption cross sections of CH,. O Average of data 
taken at 50, 28.5, and 16.4 microns. () Data of Ditchburn 
A Data of Hsiang Sun and G. L. Weissler. The first ionization 
limit at 967+10A is indicated on the wavelength axis by an 
arrow 


clarify the aforementioned anomalies, and to justify 
comparison with the theoretical results of Dalgarno." 

Further work on some of the aforementioned gases 
and on others is contemplated for the future in order 
to answer additional as yet unresolved questions. 

Our thanks are due to Dr. H Sun and Dr. Po Lee for 
many helpful discussions and to the Office of Naval 
Research for its continued support of the work re- 
ported here. 
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revious numerical results are extended by using an analytica ution o e temperature-pe eX 
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temperature solutions given t 


as-Fermi equation to obtain boundary and initial parameters corresponding to seven neutral-atom 
vy Slater and Krutter. Fitted functions given previously for the solution 


parameters in terms of the unperturbed atom radius are revised to include the new data, to obtain a con 
siderable extension in directly-fitted range. Effects of the temperature perturbation on the equation of 


state, the internal energy, and parameters related 


extended range 


N a previous paper’ by one of the authors, thermo- 

dynami the Thomas-Fermi atom 
model at low temperature were obtained by a pertur- 
bation method. In a further paper,” an analytic solution 
of the temperature-perturbed Thomas-Fermi equation 
of general order was given in terms of quadratures on 
the unperturbed Thomas-Fermi function for zero tem- 


functions for 


perature. This quadrature solution yields the boundary 
and initial parameters of a solution, which enter the 
thermodynamic functions, as explicit integrals on the 
zero-temperature function to which the solution refers. 
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Fic. 1. Solution for the temperature-perturbation function x 
as a function of radial distance x in the atom, from data of SK 
The solution corresponding to the second parenthetic in 
Table I has been omitted 


case 
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to the equation of state are shown graphically for the 


From these results, accurate values of the boundary and 
initial parameters of the corresponding first-order tem- 
perature-perturbed equation were obtained from six 
neutral-atom zero-temperature solutions given by 
FMT-.? The values of the parameters were fitted semi- 
empirically by functions of the atom radius having the 
proper limiting behavior in the cases of an infinitesimal 
and an infinite atom, to make values of the thermo- 
dynamic functions readily accessible without the need 
for interpolation. 

This paper extends the numerical results of II by 
obtaining the values of the boundary and initial param- 
eters corresponding to seven neutral-atom zero-tem- 
perature solutions obtained by SK,‘ as tabulated by 
Gombas.’ The solutions of SK refer to considerably 
smaller atomic volumes than do those of FMT; the 
smallest volumes approach those corresponding to a 
degenerate Fermi-Dirac gas. The fitted functions of IT 
have been revised to include the values of the solution 
parameters derived from the data of both SK and FMT. 
With this revision, the fitted functions in the tem- 


Taswe I. Boundary and initial parameters from data of SK; 
zero-temperature case 


o m SK oe x x» (from SK) 
1.00 1.447 1.194, 1.19 
1.38 0.946, 1.696, 1.69 
1.50 0.6650 2.20, 2.20 
1.55 0.477; 2.80, 2.80 
1.58 0.2556 4.24, 4.23 
1.586 (0.150,)* (5.86,)* 5.85 
1.588 (0.073)> 8.5)! 8.59 
1.58808 0 a 


® The values of SK for ¢ in this case have a discontinuity of jump 0.0037 










x =1.46. It was concluded that the err probably lay in the 
1.46, since subtraction for x >1.46 of the saltus 0.0037 to make 
ntinu yielded a value of @ (and of xs and x;’) 

pect t values of the table. The tabulated 
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res are giver the data at the boundary, 
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th yint is of low weight. The point yracketed by two points from 

data of FMT, which yield by inte lation (for the tabulated xs) a 
value of os differing by about 4 percent from the tabulated ¢s. This case 
was ignored in obtaining the fitted functions of I for gs and ¢:’ —¢i..’ 


+ Feynman, Metropolis, and Teller, Phys. Rev. 75, 1561 (1949), 
referred to hereafter as FMT 

‘J. C. Slater and H. M. Krutter, Phys. Rev. 47, 559 (1935); 
referred to hereafter as SK 

* P. Gombas, Die siatistische Theorie des Atoms und ihre 
dungen (Springer-Verlag, Vienna, 1949), pp. 53, 357. 
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TEMPERATURE-PERTURBED 


Tas.e II. Boundary and initial parameters from data of SK, 
temperature-perturbed case. 


x —xb —xi 
1.194, 0.5875 0.4295 
1.696» 1.78, 0.826 
2.20, 4.18, 1.33, 
2.804 9.32 2.03, 
4.24, 38.8; 4.07: 
5.86, (124.,)* (6.735)* 
8.5 (51,;.)° (11.,)> 


* It was found that the values of x» and yi depend very little on the 
values of @ to the left of the discontinuity noted in Table I for this case, 
and hence the saltus in @ was removed by fairing the data into the value 
unity at x =0. Different but reasonable fairings yielded changes in ys and 
x’ less than their corresponding possible errors. The tabulated values for 
this case seem smooth with respect to the other values of the table. 

> The values of x» and x: are smooth, within less than 0.5 percent, with 
respect to the bracketing values from the data of FMT, in spite of the 
difficulty noted in Table 1. 


perature-perturbed case cover the same directly fitted 
range of data as do the fitted functions in the zero- 
temperature case, as given in I. 

The notation used is the same as in papers I and II; 
the subscript 1 is deleted from the symbols correspond- 
to the first-order temperature-perturbation function x 
and to its boundary value x, and initial slope x,’. 


1, NUMERICAL RESULTS 


To obtain accurate values of the integrals entering 
x» and x;,’, the tabulated zero-temperature solutions of 
SK (given in all but one case to four figures at the atom 
boundary) were used to obtain improved values of the 
boundary radius x, (given to only three figures by SK), 
and of the boundary value ¢, (not given by SK). The 
computed values of ¢ and x, are tabulated in Table I 
against the initial slope ¢,’ to which they correspond, 
with the values of x, from SK for comparison. Paren- 
thetic values in the table involve minor discrepancies, as 
noted. With the exception of the second parenthetic 
case (in the region of which smoothing was used to 
give major weight to the data of FMT), the values of 
¢» given in this table are essentially the ones used to 
obtain the fitted function® of I for ¢,. As is evident from 
the table, the number of significant figures given by SK 
for the initial slope ¢,’ (or, more important, for the dif- 
ference ¢;’—¢,,.., where ¢,.’ is the initial slope corre- 


TaBLe ITT. Coefficients* of fitted functions from data 
of SK and FMT; temperature-perturbed case. 


” Ce m Dea 
3 —3.205K 10™ 1—A;=0.2280 —5.805K 10% 
n’=4.215 —2.331X 10? m’ = 0.7400 — 1.92510" 
5 —2.519X 10% 2 —3.120 
* The coefficients are given to four figures to minimize round-off error 


* Boundary and initial parameters, as given by Gombas, cor- 
responding to an eighth solution of SK for large volume, have 
been ignored in Table I, because of apparent lack of sufficient 
significant figures in the difference ¢;‘—¢;,~'. No solution corre- 
sponding to these boundary and initia] values is tabulated by 
Gombas. 
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Fic. 2. Fitted functions for x, and x,’ against boundary 


radius x» of atom 


sponding to an atom of infinite radius) is not com- 
mensurate in general with the number possible in the 
other parameters, on the basis of the solutions as 
tabulated. 

With these boundary parameters for the unperturbed 
case, the values of x, and x,’ corresponding to a tem- 
perature perturbation were determined from Eqs. (14) 
of II by numerical integration on the zero-temperature 
solutions of SK. The results are tabulated in Table I] 
against the unperturbed radius to which they corre- 
spond. The values of x,’ yield, from Eq. (13) of II, the 
solutions plotted in Fig. 1 for the temperature-pertur- 
bation function x as a function of radial distance x in 
the atom. The solutions corresponding to the smaller 
values of x, do not differ much from the straight lines 
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Fic. 3. Perturbation parameters ¢, 7, and w from fitted 
functions, against boundary radius x, of atom 
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Fic. 4. Scaled pressure and energy perturbations from 
fitted functions, against scaled volume in cubic angstroms. 


characteristic (as noted in I) of the Fermi-Dirac limit 

The results of Table II from the data of SK, combined 
with the results of II from the data of FMT, have been 
fitted by expressions of the form 


xe™= > an Cate”, xi =e Dats}, (1) 


, 


in which n=3, n’, 5 and m=1—)2, m’, 2, 
Ay= 4(73'—7) and n’, m’ are disposable exponents. As 
in II, the pair of coefficients C;, D, and the pair C;, 
D1 —»2 are chosen with their corresponding exponents to 
yield the proper asymptotic behavior of the fitted 
functions in the two limits x,—0 and x»,— ~, re- 
spectively, so that C,, and D,,- are the only disposable 
coefficients. The values of the disposable coefficients 
and exponents are tabulated in Table III with the 
values of the others from IT. The corresponding fitted 
functions reproduce the data of Table II, and the data 
of Table I in IT, within 2.3 percent in x, and 1.5 percent 
in x,’. The change in the disposable exponent and coef- 
ficient in the fitted function for x, or x,’ is relatively 
small compared to the corresponding value of II. The 
fitted functions are shown in Fig. 2, with data points 
from this paper and from II. 

Values of the perturbation parameters ¢ and w from 
Eqs. (16) of II, computed by means of these fitted 
functions and the fitted function for ¢ given in I, are 
shown in Fig. 3 with directly computed values from 
this paper and from II for comparison. The perturbation 
parameter 7 is shown likewise from results of I. In 
Fig. 4, the effect of the first-order temperature per- 
turbation on the equation of state is shown graphically 
by plotting Z-*°(k7/R)*(P—p), where R is the 
Rydberg, against the scaled volume Zp»; the ordinate 
is independent of temperature. The energy perturbation 
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Fic. 5. Scaled perturbations in parameters er and y from fitted 
functions, against scaled volume in cubic angstroms. The scaled 
temperature Z~“*k7/R must be small relative to the quantity 
shown by the dashed curve. 


U—u in units of R is shown similarly; the value of 
Z''*(kT/R)“S in R/°K, where S is the entropy, differs 
from the plotted quantity by the numerical factor 
1.27X10~-*. In Fig. 5, the dimensionless parameters 
€r—€9 and y—v7po associated with the equation of state 
are shown in similar manner; data points corre- 
sponding to er—¢ (for which fitted functions must be 
used to obtain the necessary derivatives) are omitted. 
The dimensionless quantity 8(2/9x*)'g,/x, shown in 
Fig. 5 represents a limit relative to which the scaled 
temperature Z~** kT/R must be small, for validity of 
the perturbation method. 


2. CONCLUSION 


The large extension in directly fitted range of the 
fitted functions, obtained by inclusion of results from 
the data of SK, is obvious from the figures. 

As pointed out by Umeda,’ and noted in connection 
with Table I, minor inconsistencies exist between the 
data of SK and FMT. The discrepancies point to the 
existence of small systematic errors in one or both sets 
of data. Extensive numerical solutions of the Thomas- 
Fermi equation obtained by Dr. R. Latter yield the 
same conclusion. As a consequence, limits of accuracy 
quoted for the fitted functions refer only to the data 
employed; the actual error may be larger. 

The authors wish to thank Miss E. Force for the 
computational work. In connection with I and IT, one 
of the authors owes acknowledgments to Dr. R. Bellman 
for valuable discussions. 


7K. Umeda, Phys. Rev. 83, 651 (1951). 
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Scattering of Fast Neon Atoms in Neon Gas* 


H. W. Berry 
Physics Department, Syracuse University, Syracuse, New York 
(Received March 24, 1955) 


The angular distribution of fast neon atoms scattered by neon gas has been measured. The energies of 
the incident atoms ranged from 0.30 to 3.0 kev and the scattering was observed for angular deviations ex- 
tending from 16° to 64° in the laboratory system. An interatomic potential was calculated from the measure- 
ments and may be represented for atom separations of 0.4 to 1.0 A as V(r) = 10.4 10-%e~*"*" ergs (r in A). 
The angular distribution of ions produced in the neutral atom collisions has also been measured. 





HE elastic scattering of a beam of fast, homogene- 
ous atoms on passage through a gas provides a 
direct means of investigating the interatomic potential. 
Since beams of fast neutral atoms with energies from 
tens of electron volts up are readily produced, the scat- 
tering may be observed for a wide range of velocities. 
With the particle energies available in this experiment, 
the scattering arises primarily from the repulsive poten- 
tial characteristic of the close approach of the molecules. 
Also at these energies, the deflections may be described 
classically except for a very small angular range in the 
forward direction. 


EXPERIMENTAL METHOD 


The present investigation is an extension to neon of 
the method previously employed for argon.' A beam of 
fast, neutral neon atoms was formed by first producing 
an ion beam of the desired energy. On passage through a 
region containing neon gas, a fraction of the ions was 
neutralized by charge exchange. The resonance charac- 
ter of this transfer ensures that many collisions will 
occur with little deflection of the neutralized ion.’ A 
reversed field removed any ions remaining in the beam 
on leaving the neutralizing region. In a second chamber, 
that shown in Fig. 1, the beam directed along the axis 
was scattered by neon gas at a pressure in the neighbor- 
hood of two microns. The scattered atoms were detected 
by the electron emission produced by the bombardment 
of tantalum electrode C. To gain in sensitivity this was 
shaped so as to receive particles for the full azimuthal 
angle. The collector assembly was movable along the 
axis of the region shown. A fine wire grid G placed over 
the entrance slit of the detector prevented the collection 
of electrons produced by the bombardment of the vari- 
ous metal surfaces of the region. The electrode K was 
used to measure the incident, unscattered beam. 

The ejection of electrons by the bombardment of the 
scattered atoms on the detector surface depends on the 
energy of the incident particles and consequently on 
the angle of scattering as well as on the surface state of 


* Supported by the Office of Naval Research. 

'H. W. Berry, Phys. Rev. 75, 913 (1949). 

*H. S. W. Massey and E. H. S. Burhop, Electronic and Ionic 
Impact Phenomena (Oxford University Press, London, 1952), 
Chap. VIII. 
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the electrode. At the collision energies used here, some 
inelastic collisions will occur and those resulting in 
ionization will be directly observable. If the energy 
transferred to internal energy is only of the order of the 
ionization potential of neon, it will be small compared to 
the energy of an elastically scattered atom except at the 
largest angles of deflection. Hence, neglecting this dis- 
crepancy produced by inelastic collisions, the particles 
entering the collector at a given angle will have a known 
energy. If the coefficient of electron ejection is known, 
the number of particles may be determined. 

This coefficient, the number of electrons emitted per 
incident particle, has been measured in a separate ex- 
periment* for neon ions and neutral atoms on the same 
undegassed tantalum surface as used here. In general, 
the electron yield increases with gas adsorption so that 
an undegassed surface is an advantage. Within the ex- 
perimental error, the coefficient of electron ejection is 
the same for both neon ions and atoms and ranges from 
0.16 to 1.20 electrons per particle for energies of several 
hundred to three thousand electron volts. Consequently, 
one value sufficed for the measurements even though 
both ions and neutral atoms were incident upon the 
collector. 

As is shown in Fig. 1, each element of the path will 
contribute to the detector “current” ; but will do so with 
differing angular ranges and with angles of scattering 
varying from 90° to a minimum angle dependent upon 
the collector position. As the collector is moved along 
the axis away from the entrance aperture, this minimum 
acceptable angle decreases. Also, if the detector is 
moved a distance dx, thus increasing the scattering path, 


Fic. 1. A schematic dia- 
gram of the apparatus 





*H. W. Berry, Phys. Rev. 74, 848 (1948). 








554 ait 


the increase in electron current from the collector is 
dl = al oN pF (6)d6dx—N po Idx, 


where a=ratio of the electron ejection coefficient for 
particles scattered at angle @ to that for the incident 
atoms; J)= electron current produced by the bombard- 
ment by the initial beam of electrode K ; N,p= number 
of scattering centers per unit volume; F(6@)= polar scat- 
tering coefficient for incident and knocked-on atoms‘; 
and o,4=cross section for attentuation of the unscat- 
tered beam with x. This last is dependent upon the 
apparatus geometry and the criterion contained therein 
on what deviations represent a loss from the beam. 
This cross section was determined by limiting the lower 
value of the angular range accepted by the collector by 
a diaphragm with a circular aperture and by measuring 
the detector current at several positions along the axis. 
At its largest value, the second term in the equation 
did not exceed 15 percent of the first term. 


RESULTS 


There are shown in Fig. 2 the polar scattering coeffi- 
cients determined as described previously. As expected, 
the distributions have a minimum in the neighborhood of 
45°, but are not symmetric about the minimum partly 
because of inelastic collisions. The inelastic scattering 
at any laboratory angle is the sum of two components 
corresponding to different angles in the center-of-mass 
system. If the maximum angle is nearly 90° correspond- 
ing to a small relative loss of energy to internal motion, 
one component is small and contributes primarily to the 
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*E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill Book 
Company, London, 1938), p. 115 
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large angles of scattering. In the analysis used emphasis 
was placed on the lower-angle scattering. Some of the 
asymmetry may arise from the lower accuracy of the 
measurements at the larger angles. The design of the 
apparatus was such that, for angles less than 45°, the 
increasing angular range accepted by the collector com- 
pensated in large part for the decreased scattering with 
increasing angle of deflection. 

The analysis of the data followed the method de- 
scribed in reference 1. In brief, this consisted of ob- 
taining by numerical integration from the polar dis- 
tributions a series of cross sections for the scattering of 
the incident particle outside of a given angle. The usual 
orbit equation was modified for the case of constant 
angular momentum and solved for the interaction po- 
tential. On choosing a value of the angular momentum 
within the range of the experimental data, a numerical 
integration for the potential was performed. The re- 
pulsive interaction potential so found for neon-neon 
collisions is shown in Fig. 3 as the continuous curve. 
The dashed line is the potential previously found for 
argon. 

Both of the curves in Fig. 2 may be fitted within a few 
percent by the relation V(r) = Ae~*”’ with A= 21.9 10° 
erg for argon and 10.4X10~* erg for neon, and with 
b=4.14 angstrom for argon and 4.25 angstrom for 
neon, with r in angstroms. 


ANGULAR DISTRIBUTION OF POSITIVE IONS 


Those inelastic collisions which produce ions may be 
observed alone if secondary electrons are held to the 
collector by a positive potential. With this arrangement, 
a background electron current now drawn to the positive 
collector caused some difficulty so that a small axial 
magnetic field of less than 50 gauss was added. A further 
modification used in these measurements was to hold 
the outer collector fixed and move the inner cylinder to 
change the angular range. This resulted in a greater 
stability and was necessary here because of the smaller 
collector currents imposed by the use of a lower scat- 
tering gas pressure. 

A serious difficulty in the measurement of the positive 
ion distribution arises from the large probability for 
neutralization of an ion in its own gas. This will produce 
an attenuation of the scattered ion current directed to 
the receiver which varies with the angle of deflection 
through the ion energy and the path length. Under the 
assumption that a charge transfer collision will generally 
produce a slow ion at a large angle of scattering and 
hence not collected by the detector, the loss may be 
expressed in terms of the total cross section for neu- 
tralization. Consequently, the polar coefficients for the 
positive ions were divided by exp(—Vipond), where 
Np is the number of scattering centers per unit volume, 
on the cross section for charge transfer, and d the dis- 
tance from the initial scattering point to the collector. 
This factor was made as small as possible by the use of 
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a low gas pressure but still resulted in relative correc- 
tions as high as 25 percent. Existing values of the cross 
section for neutralization® do not cover the range of 
energies required in this experiment and so these were 
measured as described in reference 3. The cross sections, 
so found, decrease linearly as a function of the square 
root of the energy from 14.0 10-** cm? at (300 ev)! to 
8.5 10-"* cm? at (3000 ev)!. 
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Fic. 3. The interatomic potential for neon-neon is shown by the 
continuous curve. Open and closed circles represent the potential 
for two values of the angular momentum. The argon interatomic 
potential is shown as the dashed curve. 


The polar coefficients for positive ions produced in 
neon-neon neutral atom collisions are shown in Fig. 4. 
These exhibit a more marked assymetry than the total 
scattering distributions with an increasing flatness with 
decreasing energy. The ratio of the positive ion to the 





* A. Rostagni, Nuovo cimento 12, 134 (1935); B. Rosen and H. 
Kallman, Z. Physik 61, 61 (1930); F. Wolf, Ann. Physik 29, 33 
(1937). 
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_ Fis. 4. Polar scattering coefficients for positive ions produced 
in neon-neon collisions. Energies of the incident particles are given 
in kev. 


total scattering coefficient show, in general, an increase 
with the angle of scattering. At 40° this ratio has values 
of 0.07, 0.14, 0.34, and 0.45 for 0.3, 0.5, 1.0, and 2.0 kev 
respectively. A maximum angle of scattering of the 
positive ions can be determined to within a degree for 
the lower beam energies. These were found to be 58°, 
65°, and 72.5° for 0.3, 0.50, and 1.0 kev incident particle 
energies. These angles correspond to a transfer to in- 
ternal energy in an inelastic collision of an energy of 
about 45 ev as compared with the ionization potential 
for neon of 21.6 ev. 

Previous measurements of the ionization of gas mole- 
cules by fast neutral atoms have been limited to the 
measurement of a total cross section for ionization. 
Rostagni and others® have measured this cross section 
for the ionization of neon by neon atoms; and for an 
energy of 1.0 kev Rostagni found a value of 1.6 10~"* 
cm*. For comparison, a cross section for scattering into 
an angle between 20° and 70° may be found from the 
results in Fig. 4 for 1.0 kev and is approximately 
1.0 10~"* cm’. 


~ A. Rostagni, Nuovo cimento 13, 389 (1936); H. F. Batho, 
Phys. Rev. 4 753 (1932) ; H. Wayland, Phys. Rev. 52, 31 (1937). 
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Alpha particles from a polonium source were slowed down and allowed to enter a cloud chamber con- 
taining a mixture of hydrogen, water, and ethyl alcohol at pressures of 12.25 cm, 1.50 cm, and 2.25 cm, 
respectively, during the sensitive time. Eighty-four sharp tracks of particles which stopped in the illu- 
minated part of the chamber and which did not show any sharp bends due to single scattering were selected 
for study. Starting at the termini of the projected tracks, the angles between successive chords of three milli- 
meters length were measured, the energies at the first three intersections of the chords being approximately 
18, 45, and 85 kev. The magnitudes of the angles at which the tails of the distributions could be distinguished 
from the Gaussian parts were determined to be 10°, 6° to 8°, and 4°, respectively. The total standard devia- 
tions (which included the experimental error of 2.2°) for the Gaussian part of the distributions at these 
energies were 8.0°, 4.3°, and 3.0°, respectively, so that the standard deviations due to multiple scattering 


were, respectively, 7.7°, 3.7°, and 2.0°. 





INTRODUCTION 


N recent years considerable progress has been made 

in the experimental! study and theoretical interpreta- 
tion of the multiple scattering of charged particles of 
medium energies in a gas, and the agreement between 
experiment and theory is moderately good. In the case 
of low-energy nuclear particles, however, there is still 
much to be done in this field because, on the one hand, 
there is a scarcity of experimental work; on the other 
hand, no satisfactory theory of scattering has been 
developed in the absence of an adequate treatment of 
such effects as charge exchange which become important 
in this energy range. The present communication is 
devoted to an account of the results of some cloud- 
chamber experiments on the multiple scattering of 
alpha particles with energies below one-hundred kev in 
a mixture of hydrogen and alcohol and water vapor. 

In studying the multiple scattering by cloud-chamber 
techniques it is sufficient to make use of photographs 
giving the projection of the paths of the individual 
particles on a single plane, since from measurements 
of such photographs the multiple-scattering law can 
be specified just as completely as by measurements 
of the actual path in three dimension. In the present 
work the expression “projected path” will be used to 
mean the projection of the path of a particle on the 
plane of the photograph of its track. As applied to such 
projected paths, the results of the theories of multiple 
scattering are conventionally expressed in terms of the 
angle g between two tangents to the projected path at 
points a given distance / apart. Although differing in 
details, different theories all give the result that for ¢ 
not too large, the number of particles dF (¢) for which 
this angle lies between ¢ and g+d¢ is represented 
by an expression of the form: 


dF (¢) = (280*)-! exp(— ¢*/20*)de+dF’(¢). (1) 


The first term represents the true multiple-scattering 
distribution, i.e., the effect of a large number of in- 
dividual collisions each leading to a small deflection, 





while the second term, dF’(¢g), gives the contribution 
of the single and plural scattering, i.e., of individual 
deflections through relatively large angles which occur 
relatively infrequently. If / is large enough there will 
exist an angle g.>>o such that the distribution is 
essentially Gaussian for g¢<y, and only for angles 
¢>¢. does dF’(g) amount to an appreciable fraction 
of dF(¢). The quantity which characterizes the mul- 
tiple scattering at a given energy and which is to be 
compared with experiment is then o. In carrying out 
measurements on cloud-chamber tracks, however, 
greater accuracy can be achieved by measuring the 
angles w between adjacent chords of a given length 
(=I) along a projected path than by measuring the 
angles between tangents to the curve at these points. 
It can be shown! that for angles g¢<¢, for which the 
Gaussian part of Eq. (1) is dominant, the distribution 
function for w is Gaussian in form with o@ replaced by 
a= (207/3)'. It follows that the angles w are dis- 
tributed according to 


dG (w) = (20,.?)~! exp(—w*/20,?)dw+dG'(w), (2) 


and that there exists an angle w, such that to a good 
approximation dG’ may be neglected for w<w,. In the 
case of multiple scattering the experimental problem is 
then to determine for a given energy and path length 
the variance ¢,? of the Gaussian part of the distribution 
in w and if possible to give an estimate for w,. It is 
impossible to ascertain in advance whether this can be 
done with any accuracy for a given set of conditions 
since before analyzing the data one does not know 
whether the angle at which the distribution starts to 
deviate from a Gaussian distribution is large compared 
to the variance ¢.? or not. In the present experiment we 
obtained the distribution of the angles w for low-energy 
alpha particles for the case in which the plane of pro- 
jection was essentially parallel to the direction of 
incidence. The distribution of the measured angles w 
will have a form like that of Eq. (2) but will not be 


' Groetzinger, Berger, and Ribe, Phys. Rev. 77, 584 (1950). 
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identical with it because these values of w are affected 
by the experimental errors. We shal! therefore have for 
the experimental distribution the equation 


dG (w) = (296.2)-4 exp(—w?/26.2)dwt+dG'(w), (2a) 


where the barred quantities have essentially the same 
significance as their counterparts in Eq. (2). The 
analog of w,, we shall designate @.. 


EXPERIMENTAL PROCEDURE 


Measurements were made on 84 cloud-chamber 
tracks produced by alphas which entered the chamber 
with energies of about 500 kev, these tracks having been 
obtained in the course of an investigation? concerned 
with the ranges of low-energy alpha particles. The 
chamber employed, which had a diameter of 25 cm, 
was filled with a mixture of hydrogen, water, and ethyl 
alcohol, and was operated at a temperature of 20.5°C. 
In a previous investigation’ of the operation of this 
chamber under the conditions used, it was verified that 
the composition of the filling gases remains essentially 
constant during the period in which sharp tracks are 
produced (the sensitive time) and it was determined 
that at this time the partial pressures amount to 12.25 
cm for hydrogen, 1.5 cm for water, and 2.25 cm for ethyl] 
alcohol. In accordance with the aforementioned defini- 
tion of the sensitive time, the tracks analyzed were se- 
lected from a considerably larger number available by 
excluding those which were thick or fuzzy. An image of 
each suitable track was projected to full size onto a sheet 
of transparent celluloid using a Recordak microfilm 
reader. Starting at the end of the track at which the par- 
ticles stopped successive points with a 3-mm separation 
were marked along each track with the aid of a pair of 
dividers. In each case, the angles between the chords 
defined by these points were then measured with a 
drafting machine. Both the plotting of the points and 
the measurement of the angles between the chords were 
performed independently by two of us (G. A. and 
R. W.) and the averages of the resulting measurements 
of the angles were used as the individual scattering 
angles w. 

The aforementioned choice of the chord length d was 
governed by the following considerations. First the most 
important requirement is that d should be considerably 
larger than the track thickness in order to avoid unduly 
large errors of measurement. Second, d should ideally 
be sufficiently great that the condition &.>¢é, be 
satisfied in order that it be possible to estimate the 
latter quantity as accurately as possible. Third, if 
possible, d should be small enough so that the change 
of energy over the part of the track spanned by a pair 
of chords be reasonably small in order that the observed 
value of ¢, can be properly associated with a reasonably 
small range of energies. For low-energy alphas the 


* Barile, Webeler, and Allen, Phys. Rev. 96, 673 (1954). 
4S. Barile and R. Webeler, Rev. Sci. Instr. 25, 389 (1954). 
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Fic. 1. Frequency distributions of the scattering angles. 


absence of even an approximate theory makes it im- 
practical at present to attempt to apply the second 
criterion. In any event, however, the tracks obtained 
are so thick and the energy loss per unit distance is so 
high in the present case that d is fixed by the first and 
third conditions alone. On this basis the value of d 
chosen was 3 mm. 

The following procedure was used for estimating and 
correcting the experimental error due to optical dis- 
tortion and inaccuracy of angular measurement. A 
straight line and a circle which had a diameter of 3.4 
cm were constructed on a sheet of drawing paper. The 
width of both lines was chosen the same as the average 
width of a track. The sheet of paper was placed at the 
proper position in the cloud chamber and photographed. 
The angles between successive 3-mm segments of the 
straight line and between successive 3-mm chords of 
the circle were then measured by the procedure de- 
scribed previously. The standard deviations in the 
measured values of these angles in these two cases 
were 2.2°. On the assumption that the multiple scatter- 
ing angles and the error angles are statistically inde- 
pendent, the variance of the Gaussian part can be cor- 
rected by subtracting the error variance. 


RESULTS 


The energies £;, E,, and E; at each intersection of 
adjacent chords was estimated by using the range 
energy curves for alpha particles in air given by Cook 
et al.’ together with the value of the air equivalent of 
the cloud-chamber mixture estimated in a previous 
paper.? These energies were found in this way to be 
approximately 18, 45, and 85 kev, respectively. The 
frequency distributions, in intervals of 6°, for the 
measured values of the corresponding angles are shown 
in Fig. 1. 

In order to determine the value of the quantity @, 
from these results it is, as remarked earlier, necessary 
to separate the contribution of the Gaussian part of 
dG from that of the tail dG’ in the total distribution. 


* Cook, Jones, and Jorgensen, Phys. Rev. 91, 1417 (1953). 
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Fic. 2. Cumulative frequency distributions of the 
scattering angles. 


To indicate the method used, it is convenient first to 
define the quantity G(w) as equal to {-,.“dG. It can 
then be shown’ that there exists a function ['(G) de- 
} 


pending on @ only through G such that for G Gaussian, 


the relation 
r(G)—T(0.5)=f1 


(0.8413)—T'(0.5) }(@—f)/# (3 


holds so that I'(G@) varies linearly with w. In Eq. (3) 
fi is the average of the measured values of w and will be 
close to zero. In order to determine the Gaussian part 
of the distribution, the ener points were repre- 
sented graphically in Fig. 
abscissa. It can be seen that in each case these points 


2 with I’ as ordinate and w as 


lie on a straight line over a considerable range centering 
about (0.5). We 


estimate in each case &, from the 


*R.S. Burington and D. C 
and Statistics with Tables 
1953), p. 109 


May, Jr., Handbook of Probability 
Handbook Put lishers, Inc., Sandusky, 
Ohio, 
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slope of this line by use of Eq. (3)* and took @, as the 
value of w at which the points began to deviate appreci- 
ably from the line. The resulting values are shown in 
Table I which also gives the values of o, obtained by 
correcting ¢, for the experimental error. These do not 
suffice to determine a curve of o versus energy, but it 
does follow that ¢ increases much faster than 1/E£ with 
decreasing energy whereas the usual theories applying 
to high-energy charged particles predict a 1/E de- 
pendence.’ The enhanced low-energy scattering is to 
be expected, of course, because of the increasing im- 
portance of nuclear collisions in this energy range. 
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*A x? test was made of the conclusion that the points within 
the limits &, in each case belonged to a Gaussian distribution with 
the indicated experimental parameters. The test showed that 
such a conclusion was not statistically inconsistent with the 
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Abragam and Pound’s method for the calculation of the longitudinal relaxation time 7, has been extended 
to the transverse relaxation time T;. Explicit calculations have been carried out for a pure dipole-dipole 
interaction, showing that for an interacting pair of like spins, or for nuclei in paramagnetic solution, 7, is 
exactly equal to 7; in the extreme narrow case. For a pair of interacting unlike spins, it is shown that the 
longitudinal components of the magnetic moments do not have simple exponential decays. This gives rise to a 
steady and transient Overhauser effect. The transverse components, however, have in all cases, simple 
exponential decay defined by a single relaxation time 7;. A set of modified Bloch’s equations is found, giving 
the correct equation of motion of the macroscopic magnetic moments of such a system of pairs of unlike spins. 

The equality of T; and T; has been verified in paramagnetic solutions, and a nuclear Overhauser effect has 
been observed in anhydrous hydrofluoric acid. If one assumes that the extreme narrow case corresponds to 
the actual motion, the experimental results are not consistent with the picture of a pure dipole-dipole 
interaction between the hydrogen and fluorine nuclei of a molecule without taking into account the effect of 


the other molecules. 


I, INTRODUCTION 


E consider a particle of spin I interacting with 

another particle of spin §. The Hamiltonian of 

such an interacting pair, in a magnetic field Hy along the 
z direction is 


K=Ky—hyHol,—hysHS+K’. (1) 


Ky is the Hamiltonian of the motion of the particles and 
commutes with the spin operators. The next two terms 
are the Zeeman energies of the spins in the constant 
magnetic field Ho. X’ is the spin-spin interaction term 
considered as a perturbation. All the explicit calcula- 
tions will be performed in the case of a dipole-dipole 
type interaction : 


KH! = — (fy rys/¥)(3(1-r) (S-r)—-1-S], (2) 


but any other type of interaction, e.g., electron-coupled 
interaction AI-S, can be treated in the same way. 

We will consider only spins of value } so that there is 
no quadrupole interaction. Larger values for the spins 
would make computations more complicated without 
fundamental changes. 


Il. TRANSITION PROBABILITIES 


If |m,) and |m,) are two eigenstates of the unper- 
turbed Hamiltonian with the corresponding energies E; 
and E,, the transition probability per unit time between 
these two states is, in the first order, given by 


1 1 | ‘ |2 
wy=-—| f (m;|K' (t)| mie" dt’) , (3) 
th? \ So 


with 
w= (E;—E,)/h. 


* This work was supported in part by the joint program of the 
Office of Naval Research and the U. S. Atomic Energy Com- 
mission. 

+ The author was supported during his residence as Research 
Fellow at Harvard University by Centre d’Etudes Nucléaires de 
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In the case of a randomly fluctuating perturbing 
Hamiltonian 3’ (/), this integral has been calculated by 
Abragam and Pound.' When the fluctuations are rapid, 
as in liquids and gases, the result is a time-independent 
transition probability per unit time. In the present case 
of spin 4, we define four eigenstates of the spins by the 
following relations: 


I,|+)=+4|+), 
I,| —)=—}3|-), 
S.\+)=+4/4), “) 
S,|—-)=—4|—-), 


so that the four unperturbed eigenstates of a pair are 
l+)|+), I+)!—), |—)]+), and |—)|—) with the 
respective occupation numbers N,,, Ny, N-,, and 
| 

The transition probabilities per unit time wo, w,, wy’, 
and w, between these four states, which we are going to 
use in the discussion of the motion of the longitudinal 
component of the magnetic moment are indicated in 
diagram (A) of Fig. 1. 
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Fic. 1. (A) Transition probabilities between the eigenstates of 
the longitudinal components of the spin operators. (B) Transition 
probabilities between the eigenstates of the transverse components 
of the spin operators. 


1A. Abragam and R. V. Pound, Phys. Rev. 92, 953 (1953). 
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The equations of motion of the transverse components 
of the magnetic moment involve the operators J, (or J,) 
and S, (or S,). So, in similarity to set (4) we define four 
eigenstates of the spins by 


I,|a)=+4|a), 


| §)= —4/8), 
S,|a)=+}!/a), 
S,|8)= —4/8). 


The four states of a pair |a)|a), |a)|8), |8)|a), and 
|8)|8) are not eigenstates of the energy. However, these 
four states are orthogonal, so it is still meaningful to 
speak of the occupation numbers Nao, Nas, Nga, Nag 
and of the transition probabilities per unit time uo, ,, 
u;', and wu. between these states as indicated on 
Fig. 1(B). 

To calculate the transition probabilities, we proceed 
as follows: 

Consider two orthogonal states |a) and |) that are 
not eigenstates of the energy. They can always be ex- 
panded in eigenvectors of the energy. 


|a)=¥, 0.1m), " 
5 
|b) = 5° 5 by| m;). 
For example, in the present case of spin 4 we have: 
gs 1 | 
a)= (1/v¥2)|+)+]—)], a 
cr ! \o) 
6)= (1NDC|+)—|-)} 


Using the expansion (5) and the fact that (a|6)=0, we 
get a formula generalizing (3). The transition proba- 
bility per unit time between the states | a) and | 5) is 


11! ¢' 
Mab > (m;|K' (t’)| mia dye #47" dt | ? 


this ii 


This integral can be calculated in the same technique as 
Abragam and Pound! used and will be shown to be 
time independent in the case of rapid motion. 


Ill. EQUATIONS OF MOTION OF THE MAGNETIC 
MOMENT 


From the definition of the w’s, it follows that 


d NV, ‘ di= — Wit w,'+ w.)N, 4 +-w,'N,- 
+w,N_.+w.,V__+ constant, 


; 


aNn, di=w, Ni. — (wots +-w') Ni 


+woV_.+w,V__+ constant, 
adN_,/dt=w:Ni.+woNs — (wot+-w14+- wy) N_, (6) 
+-w,'N__+constant, 
dN__/dt=w.Ni.4+w,Ny_+0/N 


— (w,+w,'+w,)N__+ constant. 


The constants are obtained by considering the system at 
temperature equilibrium by inserting the proper Boltz- 
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man’s factor, and are unimportant in the computation 
of the relaxation times. 

The experimentally observable quantities are the 
macroscopic magnetic moments J, and S,, distinguish- 
able by their different Larmor frequencies and pro- 
portional to: 

(N44+N4-)—(N-+-+N—)=KI, 
(N444+N_4)— (Ni-+ a -_ KS,. 
Inserting the values (7) in (6) we get: 
aI ,/dt= — (wot 2w,+-w,)I, 
— (w2—wo)S,+ constant (8) 


(7) 


d5,/dt= = (w.—w)], 
— (wot 2w;’+w.)5,+ constant. 
These equations along with the results of identical 
calculations for the transverse components J, and S, 
lead finally to the following set of equations: 
a] ,/dt= — (wo+ 2wy+w2) (1,—In) 
— (w.—w») (8,—Ss), 


d§,/dt= — (w2—wo) (I,—Ip) 0) 
— (wot 2w + We) (S, —So), 
dI ,/dt= — (uo+2u,+2)I.— (u2—uo)S., (10) 


dS ,/dt= — (t42—tuo)] -— (uo+ 2u;'+u2)8,. 


I, and So are the equilibrium values of the magnetic 
moments of the spins I and S, and make explicit the 
values of the constants of Eqs. (8). These equations 
show that, in general, the decay of the observed 
quantities is not a simple exponential, but rather a linear 
combination of two exponentials. There are two cases 
that can easily be seen to give simple exponential 
decays: 

(a) The two spins I and §S are alike (“alike” meaning 
that y;=7s). Then the only observable quantities are 
1,4+8, and I,4-8,. From the definition it follows that 
w;'=w, and u;'=,; thus the equation of motion of the 
two observable quantities is 


d 7 
. (7,4-8,) = —2(wit+w,)(1,4+8,—Io—So), 
dt 


d = a 
2 (1,4+8,) = —2(u:+u,)(7,4+8,). 
f 


(11) 


These are the usual decays with the relaxation times 
1 T,=2(w;+-w), 
1/T2=2(u;+ 2). 


(b) Nuclei relaxed in a paramagnetic solution. The 
relaxation of such a nuclear spin I will be almost entirely 
the result of the dipole-dipole interaction X’, when 
paired with an electronic spin S of a paramagnetic ion. 
On the other hand, this interaction X’ is a negligible 
relaxation process for the electronic spin S, so that, in 
the time scale of observation of the nuclear magnetic 


(12) 
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moment, we may consider to have 5,=S» and 5,=0. 
Then Eqs. (9) and (10) show that the nuclear spins I 
have simple decays with relaxation times: 


1/T; =wot 2wi+W2, 
1/ T2= ot 21+ ue. 
IV. BLOCH’S EQUATIONS FOR A TWO-SPIN SYSTEM 


Equations (9), which we will rewrite for convenience 
as 


(13) 


a1 ,/dt= —p(I,—Io)—o(8,—So), 


4 
ds, /dt= —p'(8,—S)—o(1,—1h), (l 
with 
p=wot 2w:+w2, 
p’ = wot 2w'+w2, (15) 


7=W2— Wo 
are the usual macroscopic Bloch equations? in which we 
have added a term representing the spin I—spin S$ 
interaction. 

It is less straightforward to compare the equation of 
motion (10) for the transverse components with Bloch’s 
equations because our Eqs. (10) are the equation of 
motion of the expectation values of the time inde- 
pendent spin operators, and therefore describe the 
motion of J, and S, in coordinates rotating respectively 
with angular velocity w;=y;H» and ws=ysHp. Never- 
theless, let us try to represent the motion of the trans- 
verse components of the macroscopic magnetic moment 
by a set of Bloch’s equations similarly modified by 
adding a spin-spin interaction term. These equations 
will be in the laboratory coordinates: 

aI ,!/dt= —iw7T,’—vI,’—pS,', 
dS,'/dt= —iwsS,'—v'S,'—pl,’, ite 
with 
I,’=I1,'+il,’, 
S,’=S,'+iS,’. 
Now to compare with Eqs. (10) we shall write Eqs. (16) 
in the rotating coordinates (J,;=J/,’e!' and S, 
= S,'es*): 
aI, /dt= — vl, — pe *8-#D tS, 
dS ,/dt= —v'S,—pe“et-#9 7, 

(a) In the case of like spins, ws =w, and Eqs. (17) give 
simply: (vy and » are obviously equal by symmetry 
considerations) 


(17) 


d 
Yacht: = —(v+y)(1,+S,). 


That is exactly the second of Eq. (11) with 
y+ m= 2(4,+ m2). (18) 
(b) In the case of unlike spins, “unlike” meaning that 
|wr—ws| >», |lwr—ws|>>v’, 
the last term of Eq. (17) will average out so that the 
2 F. Bloch, Phys. Rev. 70, 460 (1946). 
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transverse components have simple exponential decays: 
dI,/dt= —vI,, 
dS, /di= —v'S,. 
So these modified Bloch equations of the transverse 
components, obtained by analogy with the Eq. (14) for 


the longitudinal components, predict that, in Eqs. (10), 
we shall have 


(19) 


(20) 
This will be proven quantum mechanically in the next 
section. Then Eqs. (17) represent the correct motion of 
the transverse components in all the cases with the set 
of values 


ue uo=0. 


v= thot 21+ te, 
v’ = thot 2t4;'+ tea, 


f= Ue Uo. 


(21) 


To summarize, it has been shown in this section, that 
the Bloch equations do not hold for a two-spin system. 
However, by a slight modification of these, one can still 
find a set of equations [ Eqs. (14) and (17) ] that repre- 
sent the motion of the macroscopic magnetic moment. 
It has been seen, too, that unlike the longitudinal 
components, the transverse components always have a 
simple exponential decay. 


V. STEADY AND TRANSIENT OVERHAUSER EFFECT 


In any steady-state condition, the first of Eqs. (14) 
will give 
—p(I,—Ip)—a(8,—So) =0. (22) 
If we apply an intense rf field at the resonance fre- 
quency of the spins S, for example, so that we equalize 
the populations in state |+) and |—) (“saturation”), 
we will have 


S,=0. (23) 


Now, inserting the value (23) in Eq. (22) we get the 
value of J,, when S, is saturated: 


T,=Io+ (o /p)So. (24) 


This is the effect first derived by Overhauser,’ and ex- 
tended by Bloch‘ to the case of dipole-dipole interaction. 
It is to be remarked that in the case of nuclear spins, 
Eq. (24) could be used to determine the relative signs of 
the gyromagnetic ratios of the two spins: The effect 
would be an increase of the static magnetic moment if 
the two signs are the same, and a decrease if the signs 
are opposite. 

A solution of Eqs. (14) of particular interest is the one 
corresponding to the initial conditions: 


(I,— Io) m0=9, 
(8,— So) tang Sy. 


The solution, in the case p=p’, is, (the case px p’ 
gives more complicated formulas, without any funda- 


* A. Overhauser, Phys. Rev. 89, 689 (1953) ; 92, 477 (1953). 
‘F. Bloch, Phys. Rev. 93, 944 (1954). 


(25) 
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mental] difference) 
1,—In=4Sfe (ote, t_ g-(o-@) tf) 


2 (26 
5, -So= 45S frre ‘+e (p-e)t ) 


These equations show that the relaxation of the spins 
S changes the difference of populations of spins I in 
time. This could be called a “transient” Overhauser 
effect and has been studied experimentally. The results 
will be discussed in Sec. VII 


VI. COMPUTATION OF THE TRANSITION 
PROBABILITIES 


As an illustration of the method given in Sec. II we 
are going to compute the transition probabilities when 
the perturbing Hamiltonian x’ is the dipole-dipole 
interaction (2). This perturbing Hamiltonian will be 
written as in Bloembergen, Purcell, and Pound’s paper’: 


He’ = [7,S,—4(1,S_+1_S,) Wot (1,5,4+1,85 VF: 
+(I_S,+1,S_FyY+1,S,F:t+LS_F;*, (27) 
with 
I Rf 3 cos*Alt 
Fylt bk sinf(t) cos@(t ete) 


’ (28) 
tk sin Oi Le 


k=hyrys5/h 


#,;’ is obtained from “; by interchanging w, and ws 
It is seen that, before performing the integration, we 


=ws and w;*ws. 


must distinguish the cases where w, 


We will assume that the motion is rapid, so that 
raw<1 and r.u<l. 
a) Pairs of Like Spins: w; = as =@ 
Te 
Uo= —{ F o*), 
8h? 
T 1 
w,=w,'=— | F,|* (31) 
2h? l Ta T 2 





gt \F,*()—e 


UF*()—e 
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We shall assume, as usual, that 
(F()F* (t+-1))=(| FO) |*)e1"'"s, 
the brackets meaning average among all pairs. 
It can be seen® that 
(Fe) = $k’, 
( |F, |= 5 a 
| F, |) =F. 
Now we can calculate the transition probabilities used 
in the preceding sections. Equation (3) gives 


\2 


fins 
. f LFo(t))e-Her-es'ay'| , 
th®| J, 


(29) 


| 
- 
=a — 
o > 
asp 
> 
on 
Ss 
a 
é 
te 
a 


Equation (6) gives, with the use of the expansion (5’), 


twit" gp twst )Fi(t’) 


\2 


wites) F(t!) —etertes)’ F,*(t')}\ dt’ e 


12 (30) 
2*(t')}dt’! , 


wttoe)  F,(t')+4- horton) | F 


+o ws! )F y(t’) 


t/)+e~ Mortes) By (e)+ etertes) ” F,* (1) \ dt’ 





1+w'*r? 


a 2 : 
tas [ FI) +(1F4|}— | (32) 


r.[9 & 2 
“= — [Fe +(| F,|*)}————__+-(| F:|"}——- —| 
Sh7L4 ler 2 1+4e°72 
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Fic. 2. Longitudinal and transverse relaxation times of protons 


at room temperature in paramagnetic solutions of ferric ions 
(FeNH,(SO,):+12H,0) of different concentrations. 


Using these values in Eqs. (12) we get the relaxation 
times : 


1 _ 6 Hy Te 47, 
cane 
T, 20 b8 1+4u*7/ 
1 = 57, 


T, 20 


1 aa w T 2 
(33) 


2r- 
rt] 
itu? re 14a? P 


These results are identical to Kubo and Tomita’s.* In 





Te | 1 
bo = Ug = —} 
8h? | 


2 
F,)+- {| F,{*) 


~ 8h?18 14 (wr—ws)*72 iter? 


|! 1 2 


(Fé + 
8h? “Py Yr? 1+-w,*r 


t 
conditions (w/’r2«1 and 
the above formulas are considerably sim- 


In the extreme narrow 
ws’t2K1), 
plified : 
wo= ps5, 
wW1=w; = (3/ 20)6, 


v= 26, 


(37) 


to= Uq= 27/80, 


(38) 
“= %,'= 13 80, 


with 6=h*y *y3°7,/b*. 
With these values, the equation of motion (14) and 


*R. Kubo and K. Tomita, J. Phys. Soc. (Japan) 9, 888 (1954). 
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1 
1+-- )rar+(- T 
8 1+(w;—ws)*r2 1+w/’r2 


? 
i+ (wy +wy)*r? 
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Cras - (Fal 
1+ (w;+ws)*r2 
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the extreme narrow case (w*r?<1), we can see that 
T= T>. 


1/T,;=1/T, =} (y‘/0)r.. (34) 


(b) Pairs of Unlike Spins 
The w’s give the straightforward generalization 
Te 1 
= —~(F ?) ‘or 
8h? 1+ (w;—ws)*r2 


Te 
w,=— | F;| a 
2h? 


1+)’, 


Te 
iF; |?) 
2h? 


w,'= ; 
l+ws'’r2 
2r-e 1 
=——{ | F |?) - . 
h? 1+ (w;+ws)*r2 


In computing the «’s, if we suppose that |w;—ws 
>1/T, so that any integral of the form: 


ff F*(t')e~ 1" F(t" es" dt'dt" 
T h? 


averages out for any macroscopic time of observation 


T (1/T is of order of magnitude of the w’s) we get . , 


{| Fy 2 


2 2 
)clP 1|*)+ a 
1+ws?r, 1+ (wr+ws)*r2 


(17) become 


d 
: (1,—Io) = -a{ (,—I0) +4(8,—So)], 
al 


d 
. (§,—So)= ~d(4(1,—I0)+(8,—Ss)], (39) 
al 


dI,./di= —6l,, 
dS, /di= -—-6S,. 


And the solution (26) for the longitudinal components 
is, 
T,—Ip=4S Lexp(—ot)—exp(—4s0)], 


5,-—So= 4S {exp(— }at)+exp(— 460) ]. (40) 
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Fic. 3. Motion of the longitudinal component of the magnetic 
moment of one kind of nuclei toward its equilibrium value in 
hydrofluoric acid. The equation of the solid curve is 


(8,—Se)/S:= hLexp(—t/D,) +exp(—t/T))], 
with 7, =1.27 sec and D,=2.25 sec. 


(c) Relaxation of Nuclei in Paramagnetic Solution 


Inserting the values (35) and (36) in the Eqs. (13) one 
gets: 


1 1 al Te 


T, 100 # 1+ (wr—ws)*r 2 
Pa Te 
i oe | 
I+wr? 14+ (ert+ws)*r2 
(41) 
Te 3r. 


1 hyi*y ‘| 
=— 4re+ 
T; 200° 


1+(wr—ws)*r2 1+w7rZ2 


Or. Or. 
+ + —tf. 


It+wsr? 14+ (w;+ws)*rZ2 


In the extreme narrow case, as expected, 7;=T>: 


1/7, =1/T2= (Hy rys7/6*) re. (42) 

We have measured the relaxation times of protons in 
paramagnetic solutions containing different concentra- 
tions of ferric ions. As it is shown in Fig. 2, the predicted 
equality between 7; and 7; has been verified within 
about 2.5 percent. 


VIl. EXPERIMENTAL RESULTS 


The most sensitive test of the theory outlined above 
appears to be the Overhauser effect discussed in Sec. V. 
This effect has been observed in anhydrous hydrofluoric 
acid HF at room temperature. The boiling point of the 
acid, at atmospheric pressure, is 19.4°C. As a result, the 
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commercially obtained acid is stored in steel cylinders, 
necessitating subsequent distillation. After triple dis- 
tillation in transparent Kel-F plastic tubes, the acid 
became colorless. The resonance studies were carried out 
in small samples of acid sealed in Kel-F tubes.’ 

Free precession techniques*”® (“spin echo”) were 
used, permitting a direct measurement of 8,, I,, I, 
and §,. 

The initial conditions (25) were obtained by applying 
at the time ‘=0 a “180° pulse” at the resonance fre- 
quency of the spins §. Then at ‘=0, 


(8,) t—) = — So. 
So the initial conditions (25) are in this case: 


(,—Io) 1m0=0, 


Si= (5.—So) to = — 2So. (43) 


In the extreme narrow case, we have in Eqs. (14) 
p=p’. Even if we are not in the extreme narrow case, 
this equality will hold approximately in hydrofluoric 
acid, for the Larmor frequencies of hydrogen and fluorine 
differ by less than 6 percent. In this condition, solution 
(26) with the initial condition (43) is 


1, —Ip= Se“ — +47, 


5,-S)= —-Sfer ott g-(rte) 1. (44) 


Figures 3 and 4 show the experimental results, that are, 
as expected from our simple theory, symmetrical with 
respect to the hydrogen and fluorine nuclei. The figures 
show that the experimental points can be fitted very 
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Fic. 4. Motion of the longitudinal component of one kind of spin 
after having applied a 180° pulse to the other kind of spin in 
hydrofluoric acid. The equation of the solid curve is 


(1,—10)/Si= ¥Lexp(—t/D,) —exp(—t/T,)], 
where 7; and D, are the same as in Fig. 3. 


? The first experiments were performed in Teflon. But after a few 
days in Teflon, the liquid acid becomes colored and the relaxation 
times drop considerably, showing that commercial Teflon is not 
completely inert to hydrofluoric acid. 

* E. L. Hahn, Phys. Rev. 80, 580 (1950). 

*H. Y. Carr and E. M. Purcell, Phys. Rev. 94, 630 (1954). 
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well by (44) with the values: 


The estimated error in these times is about 20 percent. 
These results show a ratio ¢/p=}4. The same ratio is 
obtained directly from the steady Overhauser effect: 
Saturation of protons (or fluorine nuclei) increases the 
magnetization due to fluorine (or to protons if fluorine 
has been saturated) by a factor of about 30 percent. The 
static magnetic moments of hydrogen and fluorine being 
approximately equal, Eq. (24) gives o/p=4. 

This ratio of 4 is, however, in disagreement with the 
value } calculated for a pure dipole-dipole interaction in 
the extreme narrow case [Eqs. (39) and (40)]. 

The decay of the transverse component is, within 
experimental errors, simply exponential with the same 
time constant 7°; for protons and fluorine nuclei: 


T,:=0.4340.015 sec. 


This again is in disagreement with Eq. (39), showing 
that either the effect of neighboring molecules needs to be 
taken into account, or that the interaction is not a pure 
dipole-dipole one, or both. It has been possible to remove 
the discrepancy by adding to the pure dipole-dipole 
interaction an electron-coupled exchange interaction 
AI-§ of reasonable amplitude. Further experiments on 
purer hydrofluoric acid are being carried out to in- 
vestigate this effect. 

Figure 5 is an example of the signals obtained: It 
shows the increase of the magnetization due to fluorine, 
following a 180° pulse for protons. The magnitude of the 
longitudinal magnetic moment of fluorine is indicated 
by the amplitude of the tail following a 90° pulse for 
fluorine. 

On the same photograph are superimposed: (a) the 
thermal equilibrium value of the magnetic moment of 
the fluorine obtained by simply applying a 90° pulse for 





IN SYSTEM OF TWO SPINS 





Fic. 5. Amplitude of tails of 90° pulses at fluorine frequency 
after having applied a 180° pulse at hydrogen frequency in 
hydrofluoric acid. a and } represent the amplitude of the tail when 
no 180° pulse has been applied; ¢ represents the amplitude of the 
tail when the proton resonance as been saturated (steady 
Overhauser effect). 


fluorine (tails a and 0). (b) the value of the magnetic 
moment of the fluorine when the protons are saturated 
(tail c). Similar photographs have been obtained by 
interchanging the role of hydrogen and fluorine. 
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Experimental measurements on nuclear quadrupole resonances 
of chlorine and antimony isotopes in solids have been made to an 
accuracy of about 0.001 percent. The results are compared in 
detail with theoretical results for (1) nuclear quadrupole inter 
action, (2) interaction between quadrupole coupling and thermal 
vibrations, and (3) effects of a nuclear hexadecapole. The ratio 

Og) ci*/(eOqg)cy” varies between 1.268736 and 1.268973 while 
(Qq) a»'™/(eQq) mm" varies from 1.274714 to 1.274770. These 
variations may be attributed to zero-point vibrations and to 
thermal vibrations, so that no clear evidence is found for nuclear 
polarization by surrounding electric fields. For p-dichlorobenzene 
the temperature coefficient of the coupling constant of Cl and the 


I. INTRODUCTION 


YPERFINE structure which arises from the 

electrical quadrupole interaction between nuclei 
and their surrounding electrons has been extensively 
observed in atomic and molecular spectra. The quad- 
rupole coupling constant eQg, which is the main object 
of these measurements, gives information regarding the 
distribution of electrons around a nucleus and the devi- 
ation of the nucleus from spherical symmetry. This in- 
formation may, in turn, be utilized to determine mole- 
cular'? and nuclear structures and to shed light on solid 
state phenomena. Because of the inherent difficulty in 
measuring the small frequency difference associated with 
the quadrupole hyperfine structure, the value of eQq can- 
not easily be obtained to high accuracy by using methods 
of optical or molecular spectroscopy. Experiments on 
pure nuclear quadrupole resonances yields data of much 
higher accuracy.*~* With the experimental setup of the 
present experiment, the quadrupole resonance fre- 
quencies can be measured to an accuracy of better than 
0.001 percent. With this accuracy the ratios of eQgq of 
different isotopes were found to be dependent upon 
temperature and molecular environment. In order to 
evaluate these experimental results, it has been neces- 
sary to calculate nuclear quadrupole interactions with 
much greater care than is usual. The effects of several 
very small interaction terms were included and com- 


pared with the experimental data. 


* Work supported jointly by the Signal Corps, the Office of 
Naval Research, and the Air Research and Development 
Command 

'C. H. Townes and B. P. Dailey, J. Chem. Phys. 17, 782 (1949). 

*C. H. Townes and B. P. Dailey, J. Chem. Phys. 20, 35 (1952) 

4 In the preliminary result of the present experiment, the ratio 

g)cx/ (eg) cx" in solid trans-dichioroethylene was found to be 
1.2682+0.0004. This was the first accurate value obtained. This 
ratio was quoted by Geschwind, Gunther-Mohr, and Townes, 
Phys. Rev. $1, 288 (1951); but the accuracy stated there involves 
a typographical error. The probable error should read 0.0004 
instead of 0.004 

‘Wang, Townes, Schawlow, and Holden, Phys. Rev. 86, 809 

1952). 
* R. Livingston, Phys. Rev. 82, 289 (1951 


variation of isotopic coupling ratio with temperature are shown to 
be in fair quantitative agreement with the extension of Bayer’s 
theory of vibrational effects. Relaxation times, Zeeman effects, and 
certain effects due to crystal structure are examined. Small dis- 
crepancies in the measured ratios of frequencies of transitions in 
Sb'® and Sb'*, which can be attributed to nuclear hexadecapole 
interactions are found. These indicate a hexadecapole coupling 
constant in Sb of 24 kc/sec and a ratio of the Sb'** hexadecapole 
coupling to that of Sb'* of 0.8+0.3. A convenient high-sensitivity 
circuit for observation of nuclear resonances in solids has been 
developed and is discussed 


Il. THEORY 
A. General Formulation 


The electrical interaction between an atomic nucleus 
and its neighboring electronic charge can be expressed 
in a series corresponding to the effects of various elec- 
trical multipoles. In this series, the first term represents 
the interaction of a point charge with the electronic 
field while the second and third terms describe electric 
quadrupole and hexadecapole (16th-pole) interactions. 
These last two terms are not zero only if the shape of 
nucleus and the distribution of its surrounding electrons 
depart from spherical symmetry. The Hamiltonian 
operator for the nuclear quadrupole interaction can be 
written as 


eq 
Hg 


: [(312—2)+40(I42+I-) 0. (1) 
47(27—1) 


This representation can be obtained by a simplification 
of the formulation given by Pound,* Bersohn,’ or 
Dehmelt and Kriiger.* Here J represents the spin of the 
nucleus, /,=/J,+i/,, Q is the nuclear quadrupole 
moment, 


p(r.)(3 cos*?,—1) dk, 


. ré Oz 


’ 


where r, and @, are polar coordinates of the electronic 
charge element pdr, considered from the center of sym- 
metry, g is the principal value of the field gradient at 
the nucleus, and 


(— ~*) /OE, 

o=(—-—) / 

Ox Oy Oz 

is the asymmetry parameter of the field gradient in a 
plane perpendicular to the z direction. In all cases, 
12 |» 20. Matrix elements of the operator in Eq. (1) 


* R. Bersohn, J. Chem. Phys. 20, 1505 (1952). 
*H. G. Dehmelt and H. Kriiger, Z. Physik 129, 401 (1951). 
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can be derived from well-known matrices for quantum- 
mechanical angular momentum.’ In an J, m represen- 
tation, the first term in Eq. (1) gives diagonal elements 
which are the main parts of the characteristic energies. 
The second term represents off-diagonal elements cor- 
responding to Am=+2. They are nonvanishing only 
when the asymmetry-parameter 7 is different from zero. 


B. Energy Levels 


The nuclear quadrupole moment is zero unless J 2 1. 
For integral values of 7, Eq. (1) will lead to solutions 
for the energy levels which are similar to those of a 
molecular asymmetric rotor."® In general, for the case 
of half-integral spin, the 27+-1 energy levels are doubly 
degenerate, so that the secular equation of degree 
27+1 can be factored into two identical equations of 
degree 1+4. If spin J is greater than 3, it is impossible 
to obtain the exact solution in closed form. However, 
the energy levels can be obtained by the use of an 
approximation method to solve the secular equation. 

For J equal to 3, the exact solution?" for the energy 


level is 
W maegy’ = — heQq(1+4n")!, 


W many’ = beQq(1+ }n)}, 


(2) 


where the primed m indicates those states which are 
modified by the asymmetry parameter. 

For J=5/2, the energy levels which are obtained 
from the expansion in powers” of 7? are 


15 332 1 717 580 
7— ), (3a) 
59 049 4 782 969 
—0q/ 3. 23 449 44675 
Wiy= (:- f§t—7~-—7'+ *), (3b) 
20 2 24 432 31 104 
eq 1 17 
Way = (14 os 7 
4 18 5832 


143 12 587 
6 


alles 7). (3c) 
944 784 612 220 032 


* These matrices are 


ISOTOPES 


‘mI,om 

I,mil, I,m¥l 
I,miI\I,m 
I,m 1,21, m¥2 
” King, Hainer, 


=m, 
={ (J+m)(1Fm+1)]}}, 
=J(I+1), 

=[ (tm) (/tm—1)(1Fm+1)(1Fm+2) ht. 
and Cross, J. Chem. Phys. 11, 27 (1943). 


" Christopher Dean, dissertation, Harvard University, June, 


1952 (unpublished 


2 Bershon (reference 7) has obtained the solutions for ]=5/2 
up to eighth-order terms. However, his sixth order coefficient of 


» for W,..4- differs from the present value. Private communica- 
tion with him establishes that the fourth term in his Eq. (21a) 
should read — (715/472 392)n*, which is the same as the present 


result. 
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ASYMMETRIC PARAMETER © 
OF THE FIELD GRADIENT 


Fic. 1. Energy levels of the quadrupole interaction for = 5/2. 


Figure 1 shows energy levels as functions of 9. If »=0, 
the two transitions »=Wiy—Way, and m=Wyy 
—W4,, have the simple ratio v2/»;= 2. 

Similarly, for spin J=7/2, the energy levels are 
approximately” 


5 eee 
Way ——0( 1+ 
28 6 216 


20557 762019 
———---9§ — "), (4a) 
3888 31 104 
3 31 21.967 
Way=— cou(1- pony 5 
28 30 9000 
3975973 734.970 487 
_ ———* *), (4b) 
450 000 18 000 000 
eg 5 25 275 25 
Wiy= (14+ foe *), (4c) 
2 6 216 3888 93 312 
7 1 29 
Wi = cou 1+ w+ nf 
28 30 27 000 
1241 2263 
+ n*+ ). (4d) 
12150000 1458 000.000 


Figure 2 gives the dependence of the energy levels on 
n. If we take »=Way—Way, »=Way—Wyy, and 
y=Wry—Wy, the ratio of transition frequencies 
¥3:¥2:¥; Should be 3:2:1 for the case n= 0. 


C. Effects of Thermal Vibrations 


It is well known that the quadrupole coupling con- 
stant eJg measured in pure nuclear quadrupole reso- 
nances is temperature dependent. Dehmelt, Kriiger* 
and later Bayer suggested that this temperature 
dependence was caused solely by thermal vibrations of 
molecules in crystals and Dean" has studied the effects 
of therma! vibrations on chlorine resonances in a group 


3 R. Bersohn has kindly checked the results of this calculation. 
“H. Bayer, Z. Physik 130, 227 (1951). 
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ASYMMETRIC PARAMETER 
OF THE FIELD GRADIENT 


Fic. 2. Energy levels of the quadrupole interaction for ]=7/2. 


of molecular crystals. As molecules execute molecular 
(torsional) and intramolecular (stretching and bending) 
oscillations in crystals, the charge distribution in the 
molecules becomes distorted and the principal axes of 
the electric field gradient are varied so that a vari- 
ation'®"* in g is to be expected. For the sake of illus- 
tration one may consider p-dichlorobenzene, a molecular 
crystal whose principal torsional vibration frequencies 
have been well identified.’’-"* Since chlorine atoms are 
bonded to the benzene rings at opposite corners, two 
modes of thermal! vibrations involving rotation around 
the principal molecular axes perpendicular to the 
chlorine bonds will be effective in the temperature varia- 
tion of the g of the chlorine. Because of this effect, the 
quadrupole Hamiltonian operator becomes 


eq! 
He= ((31,2—I*)+4$9'(142+1-*) Jon; (Sa) 
41(27—1) 

where 

g =o 1— (Pat (Ou) +40 Pa — Om) 
+4(3—n) Pn? wl, (5b) 

and 

=(g g )int+¥i P ) ne — (G*) me) — 40 Pe + (Om) 

+4(3—n) (Pub mu}, (Sc) 


express the modifications of g and » due to the thermal 
vibrations. They are functions of the mean square am- 
plitudes (¢*), and (*), of rotation about the two 
principal axes x and y respectively. According to 
Bayer’s formulation, (¢*), and (@)s are both functions 
of the absolute temperature T and of the molecular 
vibration constants (such as vibration frequencies and 
moments of inertia around x- and y-axes). 

The Hamiltonian operator from Eq. (5a) has exactly 
the same form as in Eq. (1). The only effect which is 
caused by thermal vibrations is the change of g to q’, 
and of 9 to 9’. In the case =} which occurs in chlorine 
nuclei, by neglecting higher order terms in thermal 

us Fabric and, Carlson, Lee, and Rabi, Phys. Rev. 91, 1403 (1953) 

HH. J. Zeiger and D. I. Bolef, Phys. Rev. 85, 788 (1952 


A. Kastler and A. Rousset, Phys. Rev. 71, 455 (1947 
“ B. D. Saksena, J. Chem. Phys. 18, 1653 (1950) 
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vibration amplitudes, the temperature coefficient for 
the quadrupole resonance frequency is found to be 


me 


where vp is the pure quadrupole resonance frequency 
for n=0, J, and J, are momenta of inertia of the mole- 
cule perpendicular to the bond direction of the chlorines, 
v, and » the corresponding frequencies of torsional 
vibrations, k= Boltzmann’s constant and h4= Planck’s 
constant divided by 2x. Under ordinary conditions, 
hv./kT and h»/kT<1, so that Eq. (6a) becomes 


1 dv 3kfe hvg/kT eh/kT 

-(=)--- ~|— > —| 

vo\ dT lve If 
This equation indicates that the magnitude of the 
temperature coefficient vg'(dv/dT) decreases as the 
frequency of the torsional vibration increases. More- 
over, for the chlorine resonances," the ratio (eQq)ss, 
(eQq)s7 will be 
(Qg)or_ Vas (eQq) 8° 


(Qa)c" var (€0q)s7° 
3%? Al, 


ehe/ kT eh kT 


— 3h 
5 ceils 
2kT* § (eMe/AT-1)? J, (ewer —1)? 





| (6a) 


(6b) 


| ae : 
81 saskT hee: 


3h? =| 1) 
8IyaskT Ty3s 

where AJ =J5;—J 35, vss and v3; are the pure quadrupole 
resonance frequencies of Cl* and Cl’, and (eQq)° the 
quadrupole coupling constant when »=0 and when 
there are no thermal vibrations. Equation (7) indicates 
that (eQg)ci*/(eQg)ci decreases with a decrease of 
temperature 7. Since 1/J 435 and 1/J,35 are proportional 
to v,” and »’, the squares of the torsional vibration 
frequencies, the temperature effect on the ratio of 
quadrupole coupling constants of isotopes as given in 
Equation (7) is larger for the higher-frequency modes of 
torsional vibration. Figure 3 shows the deviation Av 
from vo (or Ag from go) of the resonance frequencies with 
temperature (where for simplicity, it is assumed that 
only one mode is excited). The solid curve represents 
the dependence of the quadrupole coupling constant 
(actually g) of Cl’? and the dotted one that of Cl**. The 
two curves coincide at high temperature, and separate 
at low temperature due to the slightly different effect of 
thermal vibrations for different isotopes. Since the ratio 
of quadrupole moments, (35,/Q37, is constant, the ratio 
(e€Qq)ss/ (eQ@)s7, will vary with temperature as does 
9as/ gsr Shown in Fig. 3, so that it should decrease with 
decreasing temperature. When the absolute temperature 
T approaches zero, zero point vibrations are still 
effective in changing g and give an appreciable difference 
between g35 and gz7. 


* Both CP* and CF” possess spins of }. 
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D. Hexadecapole Interaction 


As mentioned previously, after the quadrupole term 
the next term to be considered in the interaction of the 
nucleus with its surrounding electronic charge is the 
hexadecapole term. This term can be written as 


7," 
Ha f f Pe'pn——P (COS en) dt AT 
Teta r 


Peal ni! 
-f f —(—1)"Z,°™ (n)Z,—™ (e)dr dra, 








ed 
Te>n, (8a) 
where the Z,“” are defined as 
(l—m)!7} a 
Z{= (94 — sin”? 
(l-+m)! d™(cos@) 
8b) 
X P;(cosd)e™*, 


Z-™ = (— 1)*Z,™ . 


and cos6,,=cos0, cosé,+sin8, sind, COS(ds—@n). Fen iS 
the angle between the electronic position r, and the 
nuclear position 7, referred to the center of symmetry 
of the molecules, and @,, 6., ¢., and ¢, are the nuclear 
and the electronic polar and azimuthal angles respec- 
tively. One may define the principal hexadecapole field 
as 
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Fic. 3. Dependence of nuclear quadrupole resonance frequencies 
on temperature. The solid curve is for Cl” and the dotted curve 
for Cl. 


and 


Mus f "1, awifa"(35 cos#,,— 30 cos, +3) 


Xv, anlETa, (9b) 


where My. is the nuclear hexadecapole moment, which 
will be zero unless J > 2. my¢ is inversely proportional to 
r,> and hence decrease more rapidly with an increase 
of r, than does the corresponding quantity g for a 
quadrupole interaction. Expression (9a) vanishes for 
either an s or p electron, but not for electrons of higher 
angular momentum. Hence electrons in d and f{ orbitals 
will make the most important contribution to mys. The 
hexadecapole moment Mj, is a quantity which describes 
the second order departure of the nuclear charge dis- 
tribution from spherical symmetry. 

Taking only those operators in Eq. (8b) for which 
m=(, and symmetrizing, one obtains the principal 
quantity in the Hamiltonian for the nuclear hexadeca- 
pole interaction, 

eM semis 
ex = 


1287 (1—1)(2F—1)(27—3) 


x (357,4—30/ 2P+31+2512—61* hy. (10) 


This equation applies only where J22, which is the 
condition required for existence of a hexadecapole 
moment. The ratio eM em./eQq may be seen to be 
approximately r,”/rer’, where r, is the nuclear radius 
and roe is an average distance of the electron from the 
nucleus. 

For /=5/2, the energy levels for the hexadecapole 
interaction will be, from Eq. (10) 


W (hex) masg= (3/96) (eM emis), 


W (hex) mesg — (9/192) (eM semis), (11) 
W (hex) money = (1/64) (eM semis). 
Similarly, for 7=7/2, the energy levels are: 
W (hex) mos4™= (9/448) (eM seme), 
W (hex) mmsy= — (3/448) (eM semis), 
(12) 


W (hex) mai = —_ (13/448) (eM seme), 
W (hex) mas7/2= (1/64) (eM semis). 


IIL. APPARATUS 
A. General Considerations 


Requirements for a good spectrometer include wide 
frequency coverage, high sensitivity, and low distortion. 
Since the resonance frequencies of direct nuclear 
quadrupole transitions are molecular or atomic proper- 
ties and there are no laboratory means available for 
simulating these tremendous fields, the radio-frequency 
oscillator of the spectrometer should be capable of 
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Fic. 4. Block diagram of rf spectrometer for pure nuclear 
quadrupole resonances. 


tuning over a wide frequency range in order to cover 
the frequencies of quadrupole resonances. To detect 
the very weak signal of the pure nuclear quadrupole 
resonance, a spectrometer of high sensitivity is required. 
Accurate measurements also require that the electronic 
system incorporated in the spectrometer reproduce the 
shape of resonance lines accurately. In general the 
nuclear quadrupole interaction is characterized by a 
shorter relaxation time than the nuclear magnetic inter- 
action; hence a greater rf field is needed to produce an 
observable resonance. Neither the Bloch cross-coil nor 
the Purcell bridge method are capable of giving ade- 
quate sensitivity for a pure nuclear quadrupole reso- 
nance experiment because of difficulty of balancing out 
the large primary rf signal which is used to induce the 
nuclear signal. An unbalanced circuit developed by 
Pound and Knight™ would also be inadequate in this ap- 
plication as it operates well only at low rf levels. A 
super-regenerative system has the advantage of wide 
frequency coverage and high sensitivity, although it too 
has important shortcomings. The most important of 
these is the ambiguity which arises from the presence of 
spurious signals resulting from the production of side- 
bands separated by the quenching frequency. In addi- 
tion, there is empirically observed dependence of 
line-shape and line width upon the frequency and 
amplitude of the quenching voltage." A satisfactory 
circuit, which is called “Signal Feedback Oscillator- 
Detector” will be discussed later. 

The block diagram of the whole system is shown in 
Fig. 4. The main part of this setup is similar to the 
system used by Livingston.” The crystalline sample is 
placed in the coil of the rf tank circuit of the oscillator- 
detector. When the rf oscillator is tuned to the neighbor- 
hood of the quadrupole resonance line, the frequency of 
the oscillator is swept to and fro across the quad- 
rupole resoannces by a vibrating condenser.” Because of 
* R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 (1950 
™ R. Livingston, Ann. N. Y. Acad. Sci. 55, 800 (1952). 

* Part of surplus APN-1 Radio Altimeter. 
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quadrupole resonance, a minute amount of energy is 
absorbed from the coil causing the effective Q of the 
coil to decrease by a small amount. This effect, in turn, 
will cause a small rf voltage drop across the tank circuit 
which can be detected by the detecting device in the 
oscillator. The signal feedback device gives additional 
amplification directly in the detection tube, and hence 
avoids possible difficulty due to noise introduced by a 
subsequent stage of amplification. At the same time it 
provides amplification over a narrow band width. The 
low-frequency amplifier* amplifies the signal and then 
delivers it to the verticle deflection system of the scope. 
The horizontal sweep of the scope is synchronized with 
the low-frequency oscillator which controls the vi- 
brating condenser. Through this arrangement, the 
resonance line is displayed on the screen of the scope. 


B. Signal Feedback Oscillator-Detector 


The circuit arrangement of the signal feedback oscil- 
lator-detector is shown in Fig. 5. The 6AKS tube acts 
simultaneously as an rf oscillator and a detector. The 
oscillator is essentially a split-resistance grounded-plate 
Colpitts circuit with feedback obtained by means of 
the stray capacitances while the detector is a com- 
bination of the grid-leak and plate types. The circuit 
has been used by Hopkins™ and Livingston” but in 
their case the tube operates at a different point of its 
characteristic. The present arrangement has the ad- 
vantage of only one “hot” lead to the rf tank circuit 
and avoids an extra detector which would otherwise 
connect to the tank with attendant decrease in Q. The 
excitation ratio for the oscillator is governed by the 
ratio of the “regeneration”’ resistor to the 1.5-megohm 
grid-leak. When the vibrating condenser sweeps the 
oscillator frequency across the nuclear resonance, a 
decrease in rf voltage due to absorption in the sample 
appears across the tank and will be detected at the 
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Fic. 5. Schematic diagram of signa! feedback 
oscillator-detector. 
* A. Hewlett Packard amplifier operates with a power ampli- 
fication of 40 db. 
™N. J. Hopkins, Rev. Sci. Instr. 20, 401 (1949). 
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plate of the 6AKS tube. This signal represents the ab- 
sorption mode which results from the imaginary part 
of the nuclear susceptibility. 

The mechanism of operation is shown graphically in 
Fig. 6. By adjusting the “bias” control potentiometer, 
the de grid bias is set almost to the cut-off point. Due 
to the use of the cathode bias system, the cut-off action 
is extremely slow. The rf grid swing is adjusted to be 
slightly greater than the bias voltage (on the verge of 
“Class By” and “Class B,” operation). At the rf peak, 
the grid is only very slightly positive (“Class B,’’). The 
circuit parameters are adjusted so as to use the steepest 
possible slope of the characteristic in order to have 
good detection. However, when a signal appears, 
because of grid rectification the bias is decreased slightly 
as shown in Fig. 6 and cancels out the detection action 
to some degree. The feedback arrangement counteracts 
this loss and reinforces the signal. 

Another factor which increases the signal-to-noise 
ratio is the fact that the R—C time constant (about 
10-* second) of the coupling network at the grid side 
of the 6J6 is adjusted to match the reciprocal of the 
width of the resonance line. Hence a frequency-selective 
characteristic for the circuit is incorporated within the 
feedback loop associated with the 6J6 tube. In this way, 
one can avoid the use of a high-gain narrow-band 
amplifier in the following stage. The rf level across the 
tank ranges from 5 to 13 volts. A specially designed 
high-z tube which could operate at a high rf level might 
give more sensitive detection for a nuclear signal of 
shorter relaxation time. The detection characteristic 
for the 6AK5 with feedback is shown in Fig. 7. 

It was found that Raytheon 5654 tubes were superior 
to ordinary 6AKS5 tubes in this application. Good 
shielding between the rf and af (audio-frequency) 
circuits is absolutely essential for the operation of the 
feedback circuit. In the present apparatus, rf and af 
circuits are located in separate copper compartments 
and all feed-through connections are made with button 
condensers. The complete system is enclosed in a 
copper box. Two similar circuits were built, one to 





Fic. 6. Operating behavior of signal feedback 
oscillator-detector. 
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Fic. 7. Detection characteristic of 6AKS used as signal feedback 
oscillator-detector (C]* in a single crystal of p-CgH,Clh, was used). 


cover the range from 10-60 Mc/sec and the other from 
60-120 Mc/sec. 

The signal of the Cl** resonance in NaClO; at room 
temperature is shown in Fig. 8. The theoretical signal 
to noise ratio is about 20. 


C. Frequency Measurement 

A 100-kc/sec crystal oscillator which is stabilized to 
several parts in 10’ with respect to WWV, serves as the 
frequency standard. By frequency multiplication, har- 
monics at 5, 20, and 40 Mc/sec are available as refer- 
ences for accurate frequency measurements. Usually 
the 5 and 20 Mc/sec standard signals are applied 
together to a 1N34 crystal which serves as mixer and 
harmonic generator simultaneously. Thus, frequency 
markers at 5-Mc/sec intervals are available from 5 
Mc/sec up to several hundred Mc/sec. A frequency- 
marking oscillator which interacts with the frequency- 
modulated oscillator-detector will produce a charac- 
teristic pip on the scope. If this pip is placed on the 
center of the absorption line, the resonance frequency 
can be determined with a BC-221 frequency meter 
which measures the beat frequency Af between the 
marking oscillator and the nearest frequency marker 
from the standard. In this way, the absolute frequency 
can be determined within several hundred cycles, 
being limited only by the accuracy of the BC-221 
meter. A TS-323 frequency meter is used as the marking 
oscillator and for rough frequency checks.Sometimes a 
Gertsch FM-3 frequency meter is good enough for the 
accurate frequency measurement in the region of the 
fundamental frequency of its searching oscillator. Since 
the frequency of the quadrupole resonance is sensitive 
to temperature, the sample temperature is kept constant 
within 0.1°C by a mercury contact thermostat. 
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Taste I. Measurements of chlorine quadrupole resonances in different compounds. 











Compound 


Para-CHCh 
(single crystal 


SbCl, 
(polycrysta! 


Isotope 


' 
strong) C* 
lines) C}” 


lines} C}” 


Temp 
a ' 


27.4* 


Resonance 
freq. (Mc/sec) 


Signal to 
noise 


Haif-intensity 
width (kc/sec) 


Date of 
experiment 





34.23324+0.00025 


26.97952+0.00025 
34.29402+0.00025 
27.02771+0.00025 
34.34609+0,00025 
27.06887 4-0.00025 
34.77540+0.00025 
27.40811+0.00025 


19.17496+-0.00050 
15.11125+0.00025 
19.19916+0.00050 
15.13058+0.00025 
19.30468+0.00050 
15.21522+0.00025 
20.40739-+0.00050 
16.08146+0.00025 
20.47433+0.00050 
16.13457 +0.00025 


1.43 
1.40 
1.38 
1.23 


— 


— 
erm FM oN 


roy 


2.74 


> 


2.28 


_ 
o wo 


— 


March 19, 1952 
March 17, 1952 
March 20, 1952 


March 25, 1952 


April 1, 1952 
Feb. 26, 1952 
March 28, 1952 
April 1, 1952 


Feb. 26, 1952 


Cc 20.90767 +0.00050 
cr 16.47790+-0.00025 


ne Se Br w& 


March 28, 1952 


29.92864+-0.00050 
23.58894+-0.00025 
30.02468+0.00050 
23.66998+0.00025 
30.63017 +0.00025 
24.14228+-0.00025 


July 25, 1952 


NaCl0, March 7, 1952 


195 July 9, 1953 


Ee ee ee | 
NSN WU Ns 


rs 


34.02341+0.00025 
26.81552+0.00025 


CH,Cl 


, — 195 
(polycrystal 


April 17, 1952 


hm 
a 


35 ? 
Trans-CsH:C1; ~195 a. ead dee Dec. 17, 1951 


Dean and R. V. Pound, J. Chem. Phys. 20, 195 (1952) 


phase (sample heated over 40°C, cooled again). See ( 


~ single crystal 


® High-temperature 
b px } 


@ polycrystal; s 
IV. CHLORINE SPECTRUM pure nuclear quadrupole transition. Results of measure- 
ments of these transitions in various molecules at dif- 
ferent temperatures are tabulated in Table I. In 
general, these data are taken at three temperature 
points (room temperature, temperature of melting ice, 
and liquid nitrogen temperature). Although no attempt 
was made to measure the absolute temperature ac- 
curately, the relative temperature at each measuring 
point was kept constant within 0.1°C. The temperature 
coefficient of nuclear quadrupole resonance frequencies 
and the ratio, (eQ0q)c1**/ (eGg)c.", in different compounds 
are listed in Table II.” 
The ratio of the magnetic moment of Cl* to that of 
Cl’ is 1.2 and the ratio of their abundances 75.4/24.6, 
hence, the expected ratio of signal intensities*® is 4.2 


A. General Aspects 


Both of the stable chlorine isotopes (C]*, Cl*’) have a 
nuclear spin of }. Each isotope, therefore, has only one 


% Some preliminary results were published in reference 4 
* If one uses the Pound formula (reference 6) with some 
modification, the signal-to-noise amplitude ratio will be 
A, VobtQoit MtyNo sinOvo!T*4(1 +m) (I —m+1) 
A. 32kT (21 +1) (2ekTgBFT,)* 
for the pure quadrupole resonances, where @ is the angle between 
the rf field and g. The ratio of signal intensities for the two isotopes 
should be proportional to the ratio of natural abundances, the 
ratio of magnetic moments, the } power of the ratio of eQg’s, and 
to the square root of the ratio of the (7;*/7,) values. 


Fic. 8. Signal of pure quadrupole resonances of CP* in NaClO, 
at room temperature. (Double pips appear because of the vibrating 
condenser sweeping across the resonance frequency twice in one 


cycle.) 
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to 1. This value is in rough agreement with the experi- 
mental values given in Table I. From Table I one may 
note that the line width increases with a decrease of 
temperature (from room temperature to liquid nitrogen 
temperature). This effect might be attributed to an 
increase of strains in crystals as the temperature of the 
sample was reduced. 


B. Temperature Dependence 


It has been shown in Fig. 3 that eQg and therefore 
the quadrupole resonance frequency will, in general, 
decrease with an increase of temperature. The experi- 
menta!] negative temperature coefficients of the reso- 
nances lines support this prediction. For para-chloro- 
benzene, since the molecular torsional vibrations are 
well known, the value of the frequency coefficient of the 
resonances of Cl** as given by Eq. (6) can be easily 
calculated. At 16.9°C the predicted value of the frac- 
tional change in frequency per degree change in tem- 
perature is —7.1110~° whereas the experimental one 
is —9.16X10-*. Equation (7) also predicts that the 
ratio (eQq)ci**/ (eQg)ci", should decrease with a decrease 
of temperature. The data given in Table II also agrees 
with this predicted variation. For the case of para- 
dichlorobezene, the calculated change in ratio, (eQg)ci" 
(eQq)ci", is —2.2X10~-* for a decrease of temperature 
from 289.9°K to 78°K, whereas the measured change is 
— (4.741)X10-*. This agreement of theory with ex- 
periment indicates that the thermal vibrations proposed 
by Bayer do play a major role in the temperature de- 
pendence of nuclear quadrupole interactions. 

In antimony trichloride there are two pairs of 
resonance frequencies (for Cl* and Cl*’), which have 
different dependence on temperature. From this obser- 
vation, one may conclude that there are two nonequiva- 
lent sites for the chlorine atoms in the crystal lattices. 
The exact structure of this crystal is as yet not known. 
For sodium chlorate, the temperature variation of the 
ratio (eQg)ci**/ (eQq)ci*”, shows the same trend as other 
compounds, but with a considerable smaller magnitude. 
This might be attributed to the fact that the chlorine 
atoms are situated near the mass center of molecules, 
so that the isotopic effect on torsional vibrations is 
small. 


C. Nuclear Polarization 


In the earlier measurements of (eQg)ci/(eQq)ci, 
discrepancies of about two percent were found for dif- 
ferent molecular environments. In an attempt to 
explain this effect, a theory of nuclear polarization by 
surrounding electric field was suggested.”” Actually 
some of tne experimental data of earlier experiments 
contains errors whose magnitudes are comparable to 
the aforementioned discrepancies. The data of the 
present experiment, which have the probable error of 
about 0.001 percent, show that the variation of the 


7 Gunther-Mohr, Geschwind, and Townes, Phys. Rev. 81, 289 
(1951). 
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ratio, (eQ¢)ci/ (eQg)cr", is less than 0.024 percent and 
that it is dependent upon temperature as well as 
molecular environments (as shown in Table II). It has 
been pointed out in the last section that this variation 
of ratio, (eQ¢)ci**/ (eQg)ci", is to be attributed largely 
to molecular torsional vibrations. Moreover, the recent 
more accurate measurements of the ratio, (eQg)ci* 
(eQq)ci, in atomic chlorine by the atomic beam method 
(the ratio is 1.2686+0.0004)*8 and in CH;C! (the ratio 
is 1.2685+0.0002) and SiH;,Cl (the ratio is 1.2687 
+0.0005) by the microwave absorption method” also 
supports the results of the present measurement. 
Therefore, it can be concluded that while nuclear 
polarization by electric field undoubtedly does exist, 
its effect on the present measured variations of ratio 
(eQq)ci**/ (eQg)ci" is largely masked by thermal vibra- 
tions. 


D. Relaxation Time 


In the present experiment, the spin lattice relaxation 
time 7; is measured by the saturation of the rf field 


Taste IT. Ratio (€Qq) cr®/ (eg) or", and temperature coefficients 
of resonance lines of C] in different compounds. 


Temp. coef. Ratio 
of reson. (eQ¢)ci* 
Temp. freq. moe 
Compound Isotope % (ke/°C) (eQgo 
27.4" 1.268860 
+0,00001 
Para-C HCl cr 16.9 —3.14 1.268847 
(single crystal) cr —2.48 +0,00001 
0.3 1.268841 
+0,00001 
cr 195 —2.20 1.268800 
tO : —1,74 +0,00001 
cr ~—0.972 1.268920 
(ce 25.5 —0.776 +0.00002 
strong) 0.6 1.268898 
lines | +0.00002 
fee 195 —0.54 1.268774 
SbCl, cr . —0.43 +0.00002 
(polycrystal) (ce 255 2.09 1.269001 
(Ce — -—2.13 +0.00002 
weak } 0.6 1.268973 
lines) +-0.00002 
;Ccr 195 —2.22 1.268831 
cr ; —~1.76 +0.00002 
cr —4.10 1.268757 
po? ce §=—6 5B 2s) 40,0000 
NaClo, s.c.» 0A ar 
cr —3.10 1.268736 
Pec 11K +0,00001 
CH,CI ~195 1.268795 
(polycrystal) +0,00001 
Trans-C,HChy 1.26870 
—198 +0,00006 





* High-temperature phase. 
* p.c. = polycrystal; 6.c. «single crystal. 


% V. Jaccarino and J. G. King, Phys. Rev. 83, 471 (1951). 
®R. L. White (private communication). 
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Fic. 9. Zeeman splittix juadrupole res 


and (b 


gs of pure 


indicate different orientati 


and the apparent transverse relaxation 


the width of the resonance at half-maximum intensity. 
Results of measurements of these values at room tem 
perature are given in Table III. The 
T, and 7;* in NaClO; is in agreement 

obtained from a measurements by the free-induction 
of NaClO 
ibic 


A on a side, containing four mole 


measurement of 


writ } he »er! 
with the resuits 


method.” The crystal structure was deter 


mined by Zacha his crystal has structure 
with a unit ce 


The 


molecular struc 


molecules Cl distance given by Zachariasen’s 


ture is 1.59 A. However, from the posi 
lei in the 


tion parameters of sodium and chlorine nuclei in 
unit cell as given by the same author, this distance can 
be evaluated as 4.01 A. It is more likely that the latter 
he a mag 


value is correct, since t former gives too high 


field at the 


us 


netic chlorine nucleus due to the sodium 


E. Crystal Structure and Zeeman Effect 


By introducing a weak magnetic field in the single 
crystal sample of sodium chlorate, Zeeman splittings of 
Il ents of relaxation time 7; and 


TABLE Measuren 


NaClO, 0.039 


0.028 


0.022 


p-( HCl, 
» FE. L. Hahn and B. Herzog, Phys. Rev. 93, 639 (1954). 
" W. H. Zachariasen, Z. Krist. 71, 517 (1929 


mance line of C in a single crystal of NaClO 


#f magnetic field with the crystal. 


b 


of two different phases in a single 


(b) Zeeman splitting 

resonance line of Cl*® were observed as shown in 
Fig. 9(a) and (b). These patterns are different for dif- 
ferent orientation of the magnetic field within the 
crystal. Two Cl lines in Fig. 10(a) are due to the 
coexistence of the two phases of para-dichlorobenzene. 


the 


his 
heated above 40°C and then gradually cooled to room 
temperature. The interval between these two Cl* 
lines as shown in Fig. (10a) is about 20 kc/sec. Figure 
10(b) shows the difference of Zeeman splitting patterns 
of two different These differences 
indicate that the molecules of para-CgH,Cl, are oriented 
differently in the different phases of the crystal. 


phenomenon occurs when a single crystal is 


resonance lines. 


V. ANTIMONY SPECTRUM 
A. General Discussion 


2 and Sb™ a spin of 7/2, 


Sb™ possesses a spin of 5 
therefore Sb™ | two pure quadrupole resonance 
transitions and Sb™ has three.” Results of measure- 
ments are tabulated in Table IV. Each set of five 
transitions in one compound was measured at a tem- 
perature which was held constant to within 0.1°C. Two 
sets of data were taken for each molecule at different 
temperature points. In the last column in Table IV, 
v;'8 (calc) are values of v3; as calculated from measured 
values of »;" and »,'" from Eq. (4), while v;'*(meas’d) 
are experimental values. The (eQq) sp'*/(eQq) s»'™ ratio 


las 


"Pure quadrupole resonances of antimony isotopes in SbCl, 
were first observed by H. G. Dehmelt and H. Kriiger, see Z 
Physik 130, 385 (1951 
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IV. Measurements of antimony quadrupole resonances in different compounds. 


Signal Resonance 
to freq. 
sec) 


" §8.07831 
11249849 


Compound 


37.33261 
SbCl, 67.72563 
(single 
crystal) 58.37421 


112.87532 


37.62624 
67.92500 


48.35638 
95.87212 


29.84304 
SbBr, 58.05708 
(single 
crystal) 48.65959 


96.44099 


30.04807 
58. 39938 
44.33480 
&8.66300 


26.91568 
53.81785 


Sb.S; 
(single 
crystal 

44.80731 
89.60674 
27.20256 


54.39268 


and the field asymmetry parameter y are given in 
Table V. 

In general, signals of these antimony resonances are 
found to be much weaker than those of chlorine reso- 
nances. In order to cover the required frequency range, 
different coils were used and the signal to noise ratio 
for each line is given in Table IV. Observations of »;'*! 
and y,'* were made with the same rf coil. The ratio of 
natural abundances of Sb’ and Sb™ is 56/44 and the 
ratio of their magnetic moments (3.3595)/ (2.5470); 
therefore the theoretical estimated ratio of signal inten- 
sities between v;'! and v,! is about 5:3. This value is 
in good agreement with the experimental values in 
Table IV. All line widths of the antimony resonances 
are considerably greater than those of the chlorine 
resonances. The probable explanation for this broadness 
lies in the fact that the stronger quadrupole interaction 
of antimony nuclei shortens the relaxation time. 

Single crystals of SbCl; and SbBr; used in this ex- 
periment were grown in the laboratory, whereas the 
single crystals of Stibnite (Sb2S;) were natural ones. 


B. Quadrupole Coupling Constants and Ratios 


The temperature dependence of the quadrupole 
coupling constants of antimony has the same tendencies 
as those of chlorine; namely an increase of temperature 


5.32 


Half- 
intensity 

width eV¢ 
(ke/seec) Mc/sec) 


5.18 
8.67 


Date of 
experiment 


Remarks 
(values in Mc/sec) 


v;"3(calc) = 102.69226 


376.90239 
Aug. 13, 1952 
480.45424 vs'™(meas’d) = 102.69037 
378.27006 v3 (calc) = 103.05003 
Sept. 13, 1952 
« 103.04629 


482.19602 »v;'3 (meas’d 


320.01353 vy'™ (calc) = 87.35376 


407 .92664 v;'™(meas’d) = 87.35369 


321.92938 vs" (calc) = 87.87824 


38583 y;'4 (meas’d ) = 87.87624 


5.54679 > 
495. AO vs" (calc) = 80.72903 


376.73771 v;'3(meas’d) = 80.72829 


298.69326 vy'™ (calc) = 81.59109 
» 24, 1953 


380.70651 v;'™(meas’d) = 81.58955 


is associated with a decrease of quadrupole coupling 
constants as shown in Table IV. In Table V, one may 
note that the ratio, (eq) s»'**/(eQq)s»™, varies only by 
0.005 percent with temperature and with different 
molecular environments. This small change in the 
ratio of (eQg) between two antimony isotopes may be 
attributed to the greater mass of antimony which makes 
them less sensitive to thermal vibrations. The lack of 


TABLE V. Ratio of eQq’s and asymmetry parameter, n, of antimony 
isotopes in different compounds 


Ratio 
(eq) in 
9, asymmetry —_ 
parameter 


+0.15919 
+0.15923 
+(0).16357 
+0,16354 


Isotope (eQq) 12 


1.274744 
+-0,00001 

1.274740 
+0,00001 


Compound 
ea Sbit 
Sb’ 
Sb 
Sb’ 


Sb ‘ls 
(single 
crystal 


Sbit 
Sb™ 
Sb! 
Sb'™ 


+0.08236 
+0,08217 
+0,.08393 
+-0,08363 


1.274717 
+0.00001 

1.274770 
+0.00001 


SbBr; 
(single 
crystal 


1.274714 
+0.0077 +0.00001 
+0.0082 1.274754 
+0.0073 +-0.00002 


Sb 
Sb™ 
Sb 
Sb’ 


0.007 
Sb.S, +0.0076 


(single 
crystal) 
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variation in the coupling ratio (¢Qq)s»/(eQq)s»™ 
affords no evidence of nuclear polarization for those 
nuclei. The temperature dependence of this ratio has 
the same sign as that for the chlorine isotopes, that is 
the ratio of eq oi the lighter isotope to that of the 
heavier isotope decreases with a decrease of tem- 
perature. The only exception was in the case of SbCl, 
in which the ratio, (e€0q) s»'/(eQq)s»™, was found to 
be constant to within four parts in one million. This 
variation is less than the probable experimental error. 


C. Field Asymmetry Parameter 


Values of the field asymmetry parameter, 7, as ob- 
tained from measurements are shown in Table V. The 
spins of Sb’ and Sb™ are different, consequently their 
energy levels are different. Measurements show that 
7 and 7 agree exceedingly well, especially for SbCl; 
which indicates the high consistency of the experimental 
data. However, a small disagreement (in general less 
than 0.3 percent in magnitude of n) exists between 7 
and 7. This difference may be due to the isotopic 
effect on the thermal vibrations. Moreover, one may 
note in Table V, that values of » for both isotopes 
change with temperature as might be expected from 
effects of thermal vibrations. The frequency, v,", cal- 
culated from 23 and (eQq)s,* which are obtained 
from »;"" and » by Eq. (4), shows a disagreement of 
only several parts in one hundred thousand with the 
measured y;', The errors (which are evaluated from 
experimental errors in »;" and »,") in v; as calculated 
by Eq. (4) is less than one kc/sec, and the error of the 
measured frequency vy; is even smaller (about 300 
cps). This discrepancy is, in general, two or three times 
larger than is to be expected. A possible explanation 
will be given in the next section. 


D. Effect of Hexadecapole Interactions 


The discrepancy pointed out in the last section is 
very interesting. It cannot be due to polarization of the 
nucleus by surrounding electronic charges, since 
Gunther-Mohr, Geschwind, and Townes” have shown 
that the energy connected with nuclear polarization 
depends on angle in the same way as that due to quad- 
rupole interactions. 

It was shown above (Sec. II-D), that the ratio 
between the magnitudes of the electric hexadecapole 
coupling constant and the electric quadrupole coupling 
constant for an atom is of the order of r,?/r.¢¢. In the 
present case, 7,”, as determined either from the mag- 
nitude of their quadrupole moments or from the well- 
known formula for nuclear radii is about 10-4 cm? for 
the antimony isotopes. The valence electrons of anti- 
mony are in a 5p-orbital which may be hybridized with 
5d-orbitals. The 5d-electrons will be responsible for the 
hexadecapole field m,.. A simple calculation using hydro- 
genic wave functions shows that 1/roe¢> (1/10-") cm 
for a Sb 5d-electron. Therefore, the ratio (eM ym.) / eOg 
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is about 10~* for antimony isotopes. This is the same 
order of magnitude as the discrepancy mentioned above. 

The set of data on the quadrupole resonances in 
SbBr;, at 0.4°C was taken with a great deal of care. By 
using Eq. (4) and Eq. (12), the constants of Sb™ can 
be evaluated as 


| (0g) sp | = 410.3814 Mc/sec, 
n' = +0.0836145, 


(eM M16) sp"! = 24.0+5 kc/sec. 


The results of the calculation indicates that 
(eM ems) sy is opposite in sign to (eQg)s,. The 
ratio (eM ym.) sp'*/(eQq) sv is about 10-*° which 
agrees fairly well with the theoretical estimate given 
above. 

One may assume that the asymmetry parameter 7 
for Sb™ is 0.0836145, the same as for Sb at the same 
temperature. Substituting this » and the measured 
values of v;'*" and »,"! given in Table IV into Eq. (3) 
and Eq. (11) and solving for (eQq)s» and 
(eM yemy¢) sp", one obtains 


| eOgs»'”| =321.93223 Mc/sec, 


| (eM emi) sp'®* = 30.345 kc sec. 


As in the case of Sb, (eM emis) sy and (eQq) sp are 
opposite in sign. Similarly, the ratio (eM jem.) s»™ 
(eQq) sp is of the order of 16-°. Furthermore, by taking 
the ratio, one obtains: 


(eQq) sv'™ 
: —=1,274745+0.00001, 


(eQq) sp'™ 


(eM yee) sp 
—=0,8+0.3. 
(eM emis) sp*™* 


One might think that the discrepancy pointed out in 
Sec. V-C, arose from second order perturbations due to 
the nuclear quadrupole interaction with the valence 
electrons or with thermal vibrations. However, simple 
calculations will show that these effects are too small 
to explain the present discrepancy. 

The second order perturbation of electronic states by 
the quadrupole interaction will give the energy shift 


: (CQ Qn’ tm’ nim) (CQGn’ tm’ nim) 
- 
nlm! Ewvm —Enin 


where n’, /’, m’ and n, |, m are quantum numbers which 
signify different electronic states of energy Exim and 
Exim. It has been pointed out by Townes! that ga'1m’ntm 
are zero unless m=m’, |=/'+0 or |=I'+2. A good 
approximation is that gq1m’aim is about one tenth of ¢ 
(Qnimnim) for p-electrons and eQq/(Ewimw—Esaim) is 
about 10~*, so that AW, will be 10~* eQg. 

The effect of second-order perturbation of thermal 
vibrations by the quadrupole interaction can be cal- 
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culated by assuming simple harmonic vibrations, with 
the Hamiltonian 
P? K? 
Ayn=—+—, 
2i, 2 


where Py is the angular momentum, @ the angular 
amplitude of the vibration, 7, the moment of inertia 
around the angular vibration axis, and K the torsional 
force constant, Hence, the vibration frequency will be 
w,=(K/I,)'. The perturbation energy due to the 
quadrupole interaction is 


Ho’ =}e0q(3 cos*#’—1), 


where 6’=6;+6, and 6; is the angle between nuclear 
spin and the axis of symmetry of the electric gradient g. 
By the addition theorem for Legendre polynomials and 
using sin*@~@ (for small @), the perturbing Hamiltonian 
becomes 


H 9’ =}eQq(3 cos*#;—1) (1-3) a), 


where (#), indicates the average value of @ under 
thermal vibrations. 

Using the quantum-mechanical matrix elements for 
a simple harmonic oscillator, one obtains the first-order 
perturbation energy as, 


AW = — $eQq(3 cos’#;—1)(n+-4)h/ (eK)}, 


where n is the vibration quantum number. The effect 
of this term is linear in (3 cos*#;—1), so it will not change 
the interval rule of the nuclear quadrupole energy 
levels. This result is in agreement with Eq. (5). 

The energy term due to the second-order perturbation 
is 


9 (2n+1)h 
AW:=—(eQq)?(3 cos’, — 1)2——. 
256 tpl eK 


This energy depends on (3 cos*#;—1)*, so it will give 


rise to a pseudo-hexadecapole effect. Taking n= 1 for the 
first excited state, one obtains 


a eg 
AW2=—-(eQq) (3 cos*#;—1)*— —. 
256 wo, 1K 


Substituting the appropriate molecular constants in the 
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foregoing equation and simplifying, one obtains 
AW 2/h=5X10-*(eQq/h) (3 cos’#;—1)?*. 


E. The Relation of Quadrupole Resonance to the 
Crystal Structure of Anitmony Compounds 


The structure of stibnite, SbeS3, has been determined.* 
It is known that the crystal forms a prolonged chain 
of indefinite length in a direction parallel the surfaces of 
cleavage. Each antimony atom is bonded to three 
sulfur atoms in a plane parallel to the chain axis. There 
are auxilliary Sb—S bonds existing in the crystal, which 
do not contribute considerably to the eQg of antimony. 
It is obvious that the field gradient q’s for antimony 
atoms are in directions perpendicular to the chain axis. 
When the crystals were placed with their chain axis 
parallel to the rf coil axis (direction of the rf magnetic 
field), signals of pure quadrupole resonances due to 
antimony were observed with fairly good intensity. 
After the crystals were reorientated, with the chain axis 
perpendicular to the rf field, the signal disappeared. 
This behavior is to be expected from a theoretical con- 
sideration which shows that the signal intensity should 
vary with the sine of the angle between the rf field and 
the field gradient g. 

Stibnite melts at 550°C. Crystals were heated to 
450°C in an oven, then left there to anneal. When these 
annealed crystals were used as samples, the signal inten- 
sity was doubled. This effect indicates that the stibnite 
crystals were under some tension which was removed 
by annealing. When this is done, the field gradient q 
becomes more uniform and the signal strength is 
increased. 

The very large asymmetry parameter 7 found in 
SbCl, and SbBr, indicates some type of intermolecular 
bonding in these crystals as has been shown to occur 
in J».2 The two different sets of Cl resonances in SbCl, 
are probably also connected with intermolecular bonds. 
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In this paper we propose a new model for the description of irreversible processes, which permits the 
construction of a Gibbs-type ensemble and the employment of the general techniques of statistical 
mechanics. The internal dynamics of the system that is engaged in the process is assumed to be described 
fully by its Hamiltonian. Its interaction with the driving reservoirs is described in terms of impulsive inter- 
actions (collisions). The reservoirs themselves possess definite temperatures, are inexhaustible, and free of 
internal gradients. The ensemble obeys an integro-differential equation in space, containing both the 
terms of the Liouville equation and a stochastic integral term that describes the collisions with the reservoirs. 
It is shown in this paper (1) that the ensemble will approach canonical distribution in the course of time 
in the presence of a single driving reservoir, (2) that it will approach a stationary nonequilibrium distribution 
in the presence of several reservoirs at different temperatures, and (3) that in the latter case, and for small 
temperature differences, Onsager’s reciprocal relations are satisfied by the stationary distribution. 





1, INTRODUCTION motion. Some of the assumptions made, i.e., Boltzmann’s 
original assumptions, are demonstrably inconsistent 
with the classical laws of motion. It appeared impos- 
sible, with a closed system, to overcome Zermelo’s clas- 
sical argument, either in classical or in quantum me- 
chanics, according to which the solutions of Liouville’s 
equation are either periodic or almost periodic and, 
hence, cannot exhibit true irreversibility.4 The argument 
that Poincaré cycles have such enormous periods that 
in practice they cannot be observed is not wholly 
unsatisfactory. Nevertheless, the fact that a Poincaré 
cycle may be longer than the total period since the 
development of the present physical universe (10° to 
10" years) does not entitle us to the positive conclusion 
that the specific assumptions made by various workers? # 
will lead to valid approximations for realistically ob- 
servable periods of time. 

The most satisfactory approach, so it appears to us, 
is to construct models that permit treatment in terms of 
Gibbs-type ensembles, in which the openness of the 
system, and with it the possibility of true irreversible 
behavior, is explicitly introduced. Klein and Prigogine 
have considered such a model,’ which represents a 
perfect one-dimensional crystal. In this model the mean 
free path of phonons is infinite; hence there can be no 
internal gradient. The spectral distribution of phonons 
is everywhere the same; hence the Klein-Prigogine 
model does not lend itself to a study of internal gradients 
and internal dissipation. Our paper will present a new 
and somewhat more general attempt to construct a 
system that interacts with its surroundings, in such a 

ee ah fashion that Gibbsian ensembles can be constructed; 
a = naman hd og hy ag ng ng their development in the course of time, ie., their 

TT Onsager, Phys. Rev. 37, 405 (1931), 38, 2265 (1931). dynamics, becomes the subject of mathematical inves- 

* For other authors who have used similar ap; roaches 7S tigation. : 
srentaly te gerne (ohenomesinecal = iy ase, _ FOF a truly stationary process to be possible, th 
The same review article also contains an extensive bibliography  Teservoirs that maintain the gradients within the system 
of work based on different approaches, vis., kinetic theory, must be inexhaustible. They must possess an infinite 


Markov chains, etc. expeaibisigaiaialatine 
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9" University Press, Cambridge, 1949); J.G. Kirkwood, 6 (1911). ' ; 

J. Chem. Phys. 14, 180 (1946); 15, 72 (1947). *G. Kleiu and 1. Prigogine, Physica 19, 74, 89 (1953). 
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HE purpose of this paper is to propose a statistical- 
mechanical mode] for nonequilibrium processes 
that leads naturally to the existence of a stationary 
state, approached by an ensemble in the course of time, 
which is independent of the initial ensemble distribu- 
tion. In the stationary state, the ensemble is not in 
thermodynamic equilibrium. It remains in its state only 
because its surroundings maintain gradients inside the 
thermodynamic system; in the simplest case, these are 
temperature gradients. 

In statistical mechanics, the concept of temperature 
is based on the canonical distribution with respect to 
the energy of the whole system. If the ensemble is not 
canonical, temperatures may still be definable on 
canonical or quasi-canonical distributions of partial 
energies; we speak of local temperature, kinetic tem- 
perature, temperature of the nuclear spins, etc. The first 
pioneering work in the theory of irreversible processes 
was based on the assumption that such partial tempera- 
tures could be defined significantly.'* Other workers suc- 
ceeded in formulating general rules by adopting modified 
versions of Boltzmann’s assumptions: That is that cer- 
tain fluctuating variables are always statistically uncor- 
related to each other.’ Later refinements of Boltzmann’s 
“Stosszahlansatz,” in which the single-particle occu- 
pation numbers are assumed to be uncorrelated, make 
similar assumptions about higher (n-particle) distribu- 
tion functions.’ None of these theories clarifies com- 
pletely the nature of irreversibility of a process which 
in its internal dynamics obeys deterministic laws of 
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number of degrees of freedom, in such a manner that 
they present to the system to be considered always the 
same appearance. Hence their canonical coordinates 
cannot be fully included in the description of the 
process in phase space (or in Hilbert space, in a 
quantum description). What should be included is the 
(fluctuating) interaction between system and reser- 
voirs. Again, if in this interaction we disregard the 
effects of fluctuations, i.e., if we simply add to the 
internal Hamiltonian of the system the interaction 
energy with the reservoirs, averaged at each point of 
system-phase space over the possible values of the 
reservoir coordinates, then the resulting Liouville 
equation in system-phase space will not differ from one 
with fixed external forces, and no disspation will result. 

How, then, is the action of the reservoir(s) to be 
introduced? There appear to be two possibilities. They 
represent, respectively, continuous and impulsive inter- 
action. In both it is assumed that any part of the sur- 
roundings that will interact with the system will be 
statistically independent of the state of the system at 
the beginning of such interaction. But once the inter- 
action has begun, the statistical independence will be 
lost ; in fact one can show that with a continuous inter- 
action Hamiltonian the correlation function between 
system and reservoir(s) satisfies a number of differential 
equations that preclude continued statistical inde- 
pendence. At any instance the interaction term in the 
Hamiltonian will depend on the previous history. We 
have been unable as yet to discover a simple mathe- 
matical scheme that would represent such finite inter- 
action. 

The second possibility is to treat the interaction 
impulsively. If the reservoir interacts for brief spans 
of time only, but then strongly, it may be assumed that 
the net effect of such impulsive interaction will be to 
move the representative point in system-phase space a 
finite distance, that depends both on its original location 
and on the state of the reservoir just prior to interaction. 
If we further simplify the reservoir by assuming that it 
consists of a sensibly infinite number of disconnected 
and similar parts, that each such part interacts with 
the system but once, and that prior to interaction there 
is statistical independence between that reservoir com- 
ponent and the system, then we can average over the 
possible states of the reservoir (i.e., of that portion of 
the reservoir about to interact impulsively with the 
system). The result of this averaging operation will 
be the determination of a contingent probability 
K (x’,x)dx'dt, which tells us the probability that the 
representative point of the system, known to be at the 
location x (in system-phase space) will be thrown into 
the volume element dx’ (a finite distance from x) 
within the time interval dt. Once we know the function 
K, then the Liouville equation for the probability 
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density 4» in system-phase space will take the form 
Ou (x,t) 





+(u,H)s 
‘i f CK (x,x’)u(x")—K(x’,x)u(x) dx’. (1.1) 


The remainder of this paper will be concerned with an 
investigation of the structure of the function K (Sec. 2), 
with the approach toward thermal] equilibrium in the 
presence of a single reservoir at a definite temperature 
(Sec. 3), with a proof that in the presence of several 
reservoirs ensembles obeying Eq. (1.1) approach a 
stationary state in the course of time (Sec. 4), and with 
the Onsager reciprocal relations (Sec. 5). 

Before we enter these somewhat more detailed dis- 
cussions, it may be in order to justify further the form 
of Eq. (1.1). We are well aware of the fact that impul- 
sive interaction represents an asymptotic limit, which 
is not always realistic. But it is possible to construct 
model interactions that approach this limit arbitrarily 
closely. By assuming this particular form of interaction, 
and by suppressing the influence that the several com- 
ponents of the reservoir exert on each other, we are 
able to introduce into the mathematical formulation 
the notion of the inexhaustible reservoir. We need not 
neglect recoil (i.e., the reaction of the system back on 
the reservoir); and we are able to maintain the reser- 
voirs at definite temperatures (or other thermodynamic 
potentials) without allowing for thermal or other 
gradients within the reservoirs. 


2. STOCHASTIC KERNEL 


The expression K(x’,x) in Eq. (1.1) represents a 
transition probability density in the phase space of the 
system. It is a so-called contingent probability, dealing 
with the rate of transitions from the state « to the state 
x’ (we shall always write the arguments of such transi- 
tions going from right to left) on the assumption that 
the system is known to be initially in the state x. Hence 
the value of K will be independent of the probability 
distribution of the ensemble of systems in the system 
phase space. 

The likelihood of such a transition will depend on the 
distribution of the reservoir (or reservoir components) 
as well as on the intrinsic probability of a collision 
(something like the collision cross section) if both 
system and reservoir are known to be in suitable states 
for a collision of the type considered. We shall have to 
consider both these factors. 

As for the distribution of the reservoir, we shall con- 
sider it as part of the basic concept of reservoir that 
its parts are in a canonical distribution, characterized 
by a definite temperature. Considering the components 
of such a reservoir in their own phase space (i.e., the 
phase space of any one of the infinitely many identical 
reservoir components, usually called the » space of 
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such a composite), we may write this distribution in 
the standard form 


1 


pr=—e ~BrikT — _g BEr 


Ze Zs 


(2.1) 


The subscript 7 indicates that these quantities belong 
to a reservoir component (and not vo our system). 
Next, we come to the much more delicate problem 
of the intrinsic reaction constant (or collision cross 
section). All microscopic laws, both classical and 
quantum theoretical, are reversible with respect to the 
direction of time. That is to say, there exists a trans- 
formation involving (in a suitable coordinate system) a 
change in the signs of the time coordinate and of all 
the momentum coordinates with respect to which these 
laws are invariant. In classical mechanics, the Hamil- 
tonian is an even function of the canonical momentum 
components; in quantum mechanics (in a wave me- 
chanical representation), the same transformation is 
accomplished if we change the sign of the time coor- 
dinate and at the same time replace the wave function 
by its complex conjugate. Hence, under this trans- 
formation the Hamiltonian remains the same function 
of its arguments. Each point of phase space (or of Hilbert 
space) is mapped on another point. We shall denote 
this mapping or transformation by a bar: x — Z. Given 
a point in classical phase space with the coordinates x 
(standing for both q and p,), there will be a point Z. If 
a trajectory in phase space is given by the function 
x(t), then 2(—?) is a trajectory, also consistent with the 
equations of motion. 

Microreversibility must also apply to the impulsive 
interactions between system and reservoir. If a certain 
initial state of the system x, and initial state of the 
reservoir x, go over into a final state x,’, x,’ through dis- 
continuous impulsive interaction, then the initial state 
2,', 2,’ must go over into the final state Z,, Z, by means 
of the exactly reversed impulsive interaction, and the 
cross sections for these two corresponding processes 
must be equal. We may assume that the energy of the 
reservoir component associated with the point x, equals 
the energy associated with the point Z,, and likewise 
the energies at the two points x,’ and 2,’ equal each 
other. We may, therefore, conclude that the ratio 
between the transition rates from x to x and from 7’ 
to 2, (contingent on the initial state of the system but 
not on that of the reservoir) equals exp[3(E,’—E,) ], 
because of Eq. (2.1). But impulsive interactions con- 
serve the energy; hence the difference in reservoir 
energies equals the negative difference in system ener- 
gies. Accordingly, we shall find that the ratio of the 
contingent proabilities of transition of the system from 
x, to x,’ and transition from #2,’ to #, equals 
exp 8(E,—E,’)], 


K(x',2)=@4-*.OK (2,7), E.=-E,, 
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This result appears unexceptionable, but it is insuf- 
ficient to achieve our purpose. We have, therefore, gone 
one step further and assumed that microreversibility 
(i.e., equal cross sections) holds not only for the transi- 
tion from x to x’ and the “properly reversed” transition 
2’ to &, but also for the “directly reversed” transition 
x to x. This additional assumption is sufficient to 
assure the monotonic decrease of the Helmholtz poten- 
tial of a system in thermal contact with a single tem- 
perature reservoir until the ensemble of systems 
becomes canonical. However, our assumption may not 
be necessary for this result to hold. In fact though one 
can conceive of many forms of interaction in which the 
strengthened form of symmetry between a transition 
and its “direct reverse” holds, because of some special 
geometric symmetry of the model, it appears likely that 
the assumption made in this paper will have to be 
generalized, i.e., weakened, so that the approach pro- 
posed here is applicable to a wider class of models and 
phenomena. This possibility is now being investigated. 

In what follows we shall accept the strongest form of 
symmetry of interaction, that is to say, equality between 
the cross sections of any transition and its direct 
reverse. If there are several reservoirs present, each 
with its own peculiar coupling to the system, then the 
kernel K of Eq. (1.1) will be the sum of such individual 
kernels K,, 

K=>). K,, (2.3) 


each representing the effects of one (the ath) reservoir. 
The kernel K, will correspond to both the requirements 
of strong microreversibility (equality between the cross 
sections of direct reverses) and of canonical distribution 
of each reservoir. It will satisfy the equality: 


K(x,x') = Pel (2-8 1K ,(x’,x), 


K,(x,x’) = &o4 (*) L,(x,x’), 


(2.4) 
L,(x,x)=L,(x’x) 20. 


This condition on the stochastic kernel introduced into 
the Liouville equation (1.1) represents the point of de- 
parture of this paper. In the next section we shall show 
that with only one reservoir present the assumption 
(2.3) brings about the monotonic approach of the sys- 
tem governed by Eq. (1.1) toward the canonical 
distribution. 


3. APPROACH TO THERMAL EQUILIBRIUM 


We shall first consider an ensemble of systems each 
of which is in thermal contact with a reservoir at a 
definite temperature 7. In that case the Liouville 
equation (1.1), with (2.4), assumes the form 


Ou 
+ (ull) f Cem (a) ea) Ula 
sf (3.1) 


We shall now examine the solutions of this integro- 
differential equation with arbitrary initial conditions. 
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Of course, we cannot require that the entropy of the 
system will always increase as a result of its interaction 
with the reservoir. After all, energy is being exchanged ; 
depending on initial conditions, it is quite possible that 
the system on the average transfers energy to the 
reservoir. We shall show, instead, that as the result of 
the interaction the total entropy, i.e., the sum of the 
entropies of the system and the reservoir, will increase. 
True, we have no detailed description of the reservoir. 
But as our reservoir is inexhaustible and, at the same 
time, possesses a definite temperature, it is to be 
assumed that the change in its entropy equals the 
amount of energy transferred to it, divided through by 
its absolute temperature. In other words, the rate of 
change of total entropy equals 


dS otai/dt=a= S—kBU. (3.2) 


Of course, the Hamiltonian of the system is assumed to 
be explicitly time-independent, i.e., no work is being 
performed on the system. 

Our conjecture is, then, that the quantity (S—k8U) 
will increase monotonically with time. If we multiply 
this expression by T and reverse the sign, we obtain the 
Helmholtz potential F, 


F= v-sr= fats ' Inu )dx, (3.3) 


which is to decrease monotonically in the course of time. 
We shall now proceed to prove this assertion. 


The form of Eq. (3.1) suggests that instead of the 
variable u we.introduce », 


y=per*, (3.4) 
In terms of v, Eqs. (3.1) and (3.3) read 
Ov 
—+ (4H) =a f [ v(x’) — v(x) L(x,x’)dx’, 
_ . (3.5) 


r=e+f e #4 y |Invdx, 


respectively. The time derivative of the Helmholtz 
potential then becomes 


p=ef e #4 (Iny+1) idx 


=f f [Inv(x)+1 I v(x’) — v(x) JL (x,2")dx'dx 
+6 fie 64 (Inv+1)(H,v)dx. (3.6) 


It can be shown immediately that the second integral 
on the right-hand side vanishes. We make use of the fact 
that the integral over a Poisson bracket can be con- 
verted into a surface integral through integration by 
parts and hence vanishes when extended over the whole 
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phase space, provided only the variables under the 
integrand satisfy reasonable boundary conditions (the 
analogous statement in quantum mechanics is that the 
trace of a commutator vanishes). All we need to do then 
is to carry out the obvious transformation of the 
integrand 


e-°8 (Inv+-1)(H,v) = ((Inv+1)H, e-?* v) 
=((Inv+1)H,u), (3.7) 


and the desired result follows as a matter of course. 
The rate of change in the Helmholtz potential is there- 
fore determined wholly by the first integral on the 
right-hand side of Eq. (3.6). By interchanging the role 
of the two sets of variables of integration, x and x’, 
and by adding the resulting expression to the original 
form of the integral, we obtain this expression for 


P= (2) f 


ss 


[inv(x)—Inv(x’)] 


 [v(a’)— v(x) JL (2,x’)dadx’ (3.8) 


<0. 


The integrand on the right is manifestly negative- 
definite. Thus we have shown that the Helmholtz 
potential is bound to decrease with time. This decrease 
will be nonzero as long as there is any stochastic inter- 
change between any two regions in phase space at 
which the ratio of the densities has not yet assumed 
the canonical value corresponding to the temperature 
T= (Bk). 

It remains to be shown that the Helmholtz potential 
assumes its absolute minimum for this canonical dis- 
tribution. To examine the expression (3.3) for minima, 
we form its variation, 


i 
5F= f [a+ (nw-+1) fas 
8 


but subject to the restriction that the variations are 
not to violate the normalization requirement, 


findso. 


It follows that the only distributions stationary with 
respect to the variation (3.9), (3.10) are proportional, 
and therefore equal, to the canonical distribution. We 
can form the second variation as well, in order to deter- 
mine whether the stationary solution represents a 
maximum, minimum, or saddle point. We have 


(3.9) 


(3.10) 


SF = f [(H+87 Inp)i%u+67 (5u)" yx 
=g4 f ( (6u)?—InZ6%y dx (3.11) 


=p f (bu)*dx>0. 
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The absence of any additional stationary solutions 
guarantees that the canonical distribution is not only a 
relative but the absolute minimum. The value of this 
minimum is, of course F= —3" |nZ. 

Our conclusion is, then, that the Helmholtz potential 
decreases monotonically in the course of time and that 
its absolute minimum corresponds to the canonical 
distribution at the temperature of the (sirgle) reservoir. 
This result is not quite equivalent to the assertion that 
the canonical distribution is reached asymptotically. 
It is possible, first of all, that certain regions of phase 
space do not interact with each other through the 
stochastic kernel. Such a contingency is equivalent to 
the existence of quantities that are absolute constants 
of the motion, in the sense that they change their value 
neither under the influence of the internal forces nor 
under the impact of collisions with the surroundings. 
Such absolute constants of the motion are known, e.g., 
the symmetry character of the wave function with 
respect to particles in quantum 
mechanics. The existence of such absolute constants of 
the motion will make it possible to subdivide the phase 
space into invariant subspaces, each of which is ergodic 


indistinguishable 


with respect to the motion of Eq. (3.1). 

Another possibility is that the stochastic kernel L 
converges to zero near certain points or regions and 
that there is insufficient non-stochastic flux into them, 
(see the discussion at the end of Sec. 4). This possibility 
is well known in a special case, namely the interaction 
of a Knudsen gas with the walls. Molecules of very low 
velocity take a long time to reach the wall. If the 
number of collisions per second drops too rapidly with 
velocity, then the approach to canonical distribution 
will not be uniform or even certain. Apart from these 
two possibilities, our system will approach the canonical 
distribution 


4. APPROACH TO STATIONARY NONEQUILIBRIUM 
STATES 


In this section we shall prove that for a wide class of 
kernels A(x,x’) the distribution u(x,t) will approach 
asymptotically stationary distribution 4,(x), 
which is independent of the initial distribution u(x,0), 


some 


lim u(x,t) =p, (x). (4.1) 


to 


Our proof will be based on a general theorem by 
Doeblin,®’ which applies to all Markofhan processes. 

If the initial distribution of the ensemble in phase 
space corresponds to a definite location, at the point 2’, 


u(x,0)=5(x—2’), (4.2) 
we shall denote the distribution at any subsequent 
time ¢ by the symbol P(x, x’//). For an arbitrary initial 
* W. Doeblin, Ann. Sci. Ecole Norm. Sup. (3) 57, 61 (1940). 
J. L. Doob, Stochastic Processes (John Wiley and Sons, Inc., 
New York, 1953) 
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distribution u(x,0), we then have 


ulxs)= f P(x, x’/t)u(x’ 0)dx’, (4.3) 
r 


P(x, x’/t)2>0, f Pe x/ne=1, {>0. (4.4) 
r 


The probability that at the time / the system will be 
in some particular region in phase space A (i.e., A 
might be the region between two energy surfaces EF, 
and £2) will be denoted by u(A,f); it is given by 


wAs= f w(xspae= f P(A, x'/t)p(x’,0)dx’. (4.5) 
A r 


P(A, x’/t)= : P(x, x'/t)dx 
A 


represents the (contingent) probability that a system, 
initially at the point x’, will be found in the domain A 
at the time /. It is usually called a transition prob- 
ability. Obviously P(T, x’/)=1 for all ¢. It follows 
from the time independence of the Hamiltonian, and 
of the kernel K (x,x’) in Eq. (1.1) obeyed by u(x,/), that 
u(x, f+r) is determined by u(x,7), again through Eq. 
(4.3); i.e., 


u(x, §+7) -f P(x, x’ /t)p(x’,r)dx’ 
x 


= f fee x’ ‘NP (x’, x” 7) a(x" O)dx"'dx’ 


- [ Pu, x” /t+-7) p(x" 0)dx”’. 


The integral 


(4.6) 


(4.7) 
Because y(x’’,0) is arbitrary, it follows that 
P(x, x" /t+1)= fre ax’ /t) P(x’, x’"/r)dx’. (4.8) 


Equation (4.8) is a special case of the Chapman- 
Kolmogorov equation, which holds for all stationary 
Markov transition functions: 


P(A, x"/t+1)= { P(A, x’/t)P(dx’, x"/r). (4.9) 
r 


In this equation, P(dx’, x”/r) is the probability that 
the system will pass from the initial point x” to the 
“infinitesimal” set (x’, x’+dx’) in time 7, and the 
integral is a Lebesgue integral. In the case where a 
transition density exists, P(dx’, x” /t)= P(x’, x’"/1)dx’. 

If the Hamiltonian of Eq. (1.1) were explicitly time- 
dependent, then we should have a nonstationary 
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Markov process, for which Eqs. (4.7), (4.8), and (4.9) 
do not hold. In that case, there could be no approach 
to stationary equilibrium in the strict sense, though it 
is not excluded that in the presence of a periodic Hamil- 
tonian (e.g., spin resonance in the presence of dissipative 
processes) the solution of Eq. (1.1) may approach 
periodic behavior. In this paper we are not concerned 
with that possibility. 

We shall now state Doeblin’s theorem for the function 
P(A, x’/t) that satisfies Eq. (4.9): If there exists an 
e>0, an s>0O, and a set measure ¥(A) in I’ space, nor- 
malized so that ¥(I") =1, and if these quantities can be 
chosen so that 

P(A, x'/s)<1—«, 


(4.10) 
whenever ¥(A)<e, for all x’, then the limit 


lim{ P(A, x’/)} 
t+ 


exists. The convergence is uniformly exponentially fast. 

When the above conditions for the existence of the 
limit are satisfied for some time s, then they will also 
be satisfied for all times />s, because 


P(A, x’/t) -f P(A, x"/s)P(dx", x’/t—s) 
r 


< max{ P(A, x”"/s)}<1—e. (4.11) 


Intuitively, the conditions on P(A, x/f) in Doeblin’s 
theorem require that the stochastic process spread dis- 
tributions that are concentrated initially in regions of 
measure zero into domains possessing a nonvanishing 
measure. This requirement excludes, for instance, the 
case of an isolated system, one that does not interact 
with a random reservoir. The ensemble distribution of 
such a system in its phase space obeys the unmodified 
Liouville equation, which maps distributions initially 
concentrated in a point on another point without 
spreading. Such a distribution, as is well known, will 
never become stationary if it is not stationary to begin 
with. 

The requirement in Doeblin’s theorem that (A) 
be normalized means that the measure of infinitely far 
regions in phase space is zero with respect to y. Hence 
with any transition function P(A, x’/t) which satisfies 
the Doeblin conditions we must be able to find a finite 
region B in I’ space such that the probability of finding 
the system in B at any time />s is uniformly bounded 
away from zero (i.e., the bound is independent of the 
initial state of the system). 

The assumptions made in Eq. (4.10) are sufficient 
but not necessary conditions for the asymptotic 
approach to a stationary distribution. As an illustration 
of this point we may use an example cited by Doob’ 
for this purpose. Let 


(x—p'x’)? 
P(A, x/t)=[2e(1—p") 4 f exp - iii, ix 
A 2(1—p**) “ 


12) 
O0<p<il. 


’ 
» 
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Then 
lim P(A »z i)= (Qn)! f exp(— hx*)dx. (4.13) 


Ls a 


This convergence is not uniform in x’: if A is any finite 
set, P(A, x’/t) can be made arbitrarily small for any #, 
by choosing x’ sufficiently large. Hence the conditions 
under which Doeblin’s theorem was proved are not 
satisfied in this case. 

We shall now turn to the conditions to be satisfied 
by the transition rate K(x,x’), Eq. (1.1), in order that 
Doeblin’s theorem be applicable to the distribution 
P(A, x’/t) whose time dependence obeys the generalized 
Liouville equation (1.1), We shall expand P(x, x’/t) 
into a series with respect to the number of collisions 
between the reservoir and the system during the time ¢. 

The system can pass from x’ to x in time ¢ without 
any collisions only if x=x,', where x,’ is the position 
at time ¢ of a system initially at x’, according to its 
Hamiltonian equations of motion. The probability of 
zero collisions, n(x’,t), is 


n(v)=exp( - f pls.)s), 


0 
pix)= f K(y,x’)dy 
. 


(4.14) 
where 


(4.15) 


is the rate at which collisions with the reservoir occur 
at the point x’. Hence 


P(x, x'/l)= Jesw(- f p(as)de) pea (4.16) 
0 


The probability that the system will experience 
exactly one collision in the interval ¢, given that at the 
beginning of the interval the system was at x’ and at the 
end of the interval at x, will be a product of the follow- 
ing three probabilities: (1) there was no collision up to 
some time A, 0<A <4, which is given by n(x’,A); 
(2) there was a collision during the time interval 
(A, A+dd), which caused the system to make a discon- 
tinuous jump from x,’ to x~_» [the probability for this 
event is K(xq~», x:")dA]; (3) there was no collision 
between (t—A) and #¢, n(x, A—1)=9(xa_», tA). Since 
d is arbitrary, we have to add the different possibilities. 
Hence 


t i 
P (x, v/)= f dx exp - f p(s.as| 
0 h—t 
° A 
XK (x1, x’) exr| — f p(ss)as] (4.17) 
0 


By analogous reasoning we find the probability for 
the system to have two collisions with the reservoir to 
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be 


P® (x, x’/1) 


t t-8 ‘ 
-f af as f dy exo - f pads] 
r 6 0 A+B-—t 
f 
KK (xr4p-1, v)exo| — f p(yds| 
0 
a 
x K (y,x’) exp| - f p(xas]|. (4.18) 


Following up this analysis, we can get all the terms 
P(x, #’/t). The total transition density P(x, x’ 
the sum of all these different possibilities 





t) is 


x 
P(x, x’/1) pO P™ (x, x’/t). 


n=l) 


(4.19) 


This expansion can also be obtained by means of an 


entirely different, nonprobabilistic, scheme. It is the 


result of a perturbation expansion of u(x,t) in powers 


axe: 4. ts 
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of K(x,x’). The same type of perturbation theory is 
commonly used in quantum mechanics for the wave 
function ¥(q,!) which, like u(x,t), obeys a first-order 
differential equation in time. Let us rewrite Eq. (1.1) 
in an operator form thus 


Op / d= (Hy) — pada ff K(aa’)u(ed 


=(K+V)p, (4.20) 


where 


Ku= (Hu) — p(x)u, Var f K(x 


The operator X is singular, but V is regular, bounded, 
and positive definite, hence we shall expand yu(zx,f) as 
a power series in V. For this purpose we shall first 
convert the integro-differential equation for u(x,t) into 
an integral equation, 


t 
wl) =exp(toe)u(x0)+ f exp (‘—A)3C ]Vu(x,A)dA. 


0 


t 
u(x,t) =exp((3)u(x,0)4 f dr{expl (t—A)K lV exp(A5C) }u(x,0) 


0 


Now exp(t3) f(x,0) = f(x,1) is the solution of the equa- 


tion 
0 f(x,t)/dt= (H,f)— p(x) f (4.23) 
More explicitly, this solution has the form 
t 
f(x) exp - f p(x, das v0). (4.24) 


Substituting this expression back inte Eq. (4.21) for 
the u(x,0)=8(x—2x’) 
= P(x, x’/t), we see that the expansions of Eqs. (4.22) 
and (4.19) are identical. 

We can now prove that if K(x,x’) is bounded by an 
s 


case when and hence y(x,/) 


integrable function v(x) 


K (x,x')< Mo(x), ff eae=1, 
! 


Doeblin conditions. 


(4.25) 


then our P(x, x’/1) satisfies the 
There are no additional restrictions imposed on K (x,x’) 
if p(x) is made a function of H(x) alone, (x)= 9r(H(x)). 


This last assumption implies that »(x,)=0(x) for all ¢. 
* This condition is somewhat more restrictive than absolutely 
necessary but it simplifies the proof considerably 


t 
+f éy|expL Gx W 


(4.21) 
Expanding now in V we get 
f arf exp((y—A)H)V expe) } (20) + -++, (4,22) 
It now follows from (4.17), (4.18) that 
t 
P(x, x’ n<uf v(x,_,)dA= Miv(x), 
0 
(4.26) 
(MiP 
P® (x,x’/4) <——1(z), 
2 
and in general 
(Mt)" 
P™ (x, x’/1)< (x), n>1. (4.27) 
n! 
Hence, from (4.19), 
t 
P(x, x’ n<ex| - f plas)as o(x— 
0 
+(e”'—1)v(x). (4.28) 


In order that our system should approach a stationary 
state independent of its initial position, x’, in phase 
space, we must, of course, assume that there are no 
trajectories in T space on which the system can move 
without ever getting into a region where it can collide 
with the reservoir. Otherwise if the system is initially 
in a state x’ which lies on such a trajectory, it would 
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behave as if there were no reservoir, and the density 
u(x,t) would always be 6(x—-x,’) without ever becoming 
stationary. More precisely, we assume that there exists 
a time ¢,, such that for any time />¢,, the system will 
spend at least an interval r, r=a(t—t,), a>O in such 
a region in phase space where the probability per unit 
time, p(x), of its undergoing a collision is greater than 
some positive number m. Hence 


P(x, x'/t) <<exp[—ma(t—t,) }6(x—x;’) 


+(e”'—1)v(x), t>t, (4.29) 
and 
P(A, x’/t) <exp[—ma(t—1t,) ]+(e™@'—1)¥(A), (4.30) 
where 
¥(A)= ff o(aydx (4.31) 
When #(A)<e,then 
P(A, x’/t) <exp[— ma(t—t))]+(e™#'—1)e, (4.32) 
which is less than (1—e) whenever 
e<e-™'(1—exp[ —ma(t—t;)]), t>h. (4.33) 


Thus whenever K(x,x’) satisfies (4.25), P(A, x’/t) 
satisfies (4.10); Doeblin’s theorem applies, and 


lim P(A, x’/t)=P(A,z’) (4.34) 
(0 


exists, The limiting distribution P(A,x’) will be inde- 
pendent of x’ if there are no noninteracting regions in 
phase space. Otherwise, the stationary state will depend 
on the initial distribution between these invariant 
subspaces. This requirement of ergodicity is the same 
as in the case of a single reservoir discussed at the end 


of Sec. 3. 


5. STATIONARY STATE WITH SEVERAL RESERVOIRS: 
ONSAGER RELATIONS 
We shall now consider an ensemble of systems in 
contact with m reservoirs at temperatures 7;= (8,)", 
i=1, ---, m. Equation (1.1) then assumes the form 


Op n 
—+ (u,H) => 


at i=l] v7, 


[oa p(x?) — ee oy (x)] 


XL i(x,x’)dx’. (5.1) 


The rate of entropy production ¢ will be given, in 
analogy with Eq. (3.2), by 


o=S—k> BJi, 


tol 


(5.2) 


where J; is the average rate of energy flow from the ith 
reservoir to the system. The rate of change of the mean 
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energy U is equal to the sum of the flows 


: Ou n ® 
U= f n—ae=¥ 1-5 dx 
r oO 


i=] m1, 


xf dx’ PH (xc) — PM u(x) JH (x) Li(x,x’) 


> 


i-l #7, 


asu(s) f dx’ PHL (xx) H(x’)— H(x)), 
| (5.3) 


Jom fasu(a) f are L (a,x) H(@)—-H)] 


n f dup(x) f(x). (5.4) 


a 


It can be shown by methods analogous to those used 
in the derivation of Eq. (3.8) that ¢20. The equality 
can hold only if all the 8; are equal to each other. 

When the ensemble becomes stationary, du/dt=0, 
the internal entropy remains constant, S=0, and Eq. 
(5.4) reduces to 


o=—k¥ BJi20. (5.5) 


Since in the stationary state the mean energy U is 
constant, it follows that 


U=> Ji=0. 


t—1 


(5.6) 


Here we may solve for some particular flow J/,, in terms 
of the other flows 
Jai naaianel Js 


ivém 


(5.7) 


in a stationary ensemble. Substituting this expression 
into Eq. (5.5), we get 


o=k Yo (Ba—B)Ii=L ve (vi), (5.8) 


im tm 


where the J; are now independent flows. 

It follows from this expression for the total entropy 
production that in our model, the J; and the y,, are the 
currents and the forces respectively, which are used in 
the Onsager theory.’ Onsager’s reciprocal relations state 
that in the linear approximation the dependence of J, 
on 7; is the same as that of J, on 7;. In other words, 
when the reservoir temperatures are close to each other 
(i.e., where the y,’s are small), when we can set 


J,\=>,’ A uY ke; (5.9) 


km 
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as; OJ, 
Ju=( ) ( ) = Ax 
ov: ri=O ov vi=O 


We shall now prove the validity of Eq. (5.10) for our 
was arbitrary, 


BERGMANN 


then 


(5.10) 


model. Since the J,, chosen in Eq. (5.7 
the symmetry relations should be independent of that 
choice. They will be ff and only if 


OJ :(B,) OJ, { 8.) 
J a ( ) ( ) =Ji:, (5.11) 
Op, 8-8 OB; Bj=8 


for 1, k= 1, , mM, n. We shall, therefore, prove Eq. 
(5.11) rather than | q (5.10). Generally, Jun= —Ay, 
l, km 


From Eq. (5.3), we get 
oJ; 


Ou(x) 
fa fix) . l# k, 
Op, z OB: d 


depends only on §;. Solving for du/08,, in 


(5.12) 


since f,(x 
the stationary state, from the time independent form 
of Eq 


Ou 
a , 
Op, 


Pals 


(5.1), we get 


Ou x 4) 


n) =i f {ews 
imi J, | Op, 


Ou (x) 
Ly(x,x")dx 
OB, 


Oly 
+f |. x’ el te a ve’) Ly (x,2’)+ 
Ps OB; 


Oly 
p(x)ePat (2 [way aa |lee. (5.13) 
Op, 


We shall now evaluate this equation when all the §,’s 
equal to 8. Under these conditions u(x) = (1/Z)e*## ®, 


as derived in Sec. 3, and Eq. (5.13) reduces to 


pr, ll) fi L (x,x" PH” yy (x) |x’ — g(x) ue (x) 


z 
1 
€ 6H (z f° x), 


Z 


(5.14) 


= a 


where 


Ou nm 
n= ( ) , L(2,x)= DV [Lilz,x’) yje= 2(2’,x), 
Op, 8,=-8 


q(x) -f L(x, x" )\A# dx’ 


= 


" 
=! 


= p(x)| a= 


Multiplying Eq. (5.14) by Ze*”y;(x) and integrating 
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over I’, we get 


Jum f f2(a)wu(2)d 
=zf cua) as) (2) 


-f L(x,x')\ Gl (+8 z’ Vue (20”) uy (x2) dx’ 


z 


+p (x) i (x)g(x)O4 bdx. (5.15) 


Hence 
Ju-~Ju=Z f H(z Cr (x) (ue (x), H (x)) 


— n(x) (yy (x),H (x)) |dx 
(5.16) 


az f 4 y(n, H)dx 


— fp fame dx. 


z 


The last term vanishes. In order to evaluate the re- 
mainder in (5.16), it is convenient to separate yu,(x) into 
a symmetric and an antisymmetric part with respect 


to the momentum variables of the system: 
E,(x)=E,(#), Oj 


+)= 


—QO;(zZ). 


(5.17) 


p(x) = E,(x)+ O,(x), 


A Poisson bracket between even functions is odd, and 
between an even and an odd function even, etc. Because 
H is an even function, its Poisson bracket with E;(x) 
is odd, and with O,(x) even. Since the integral of an 
odd function over the whole phase space vanishes, it 
follows that 


Ju—Ju= az { CE O;,,H)+-0, FH) je# dx 


(5.18) 
- 22 f 0, @4 EF, H)—O,(#E),H) \dx. 
. 


We can now solve for (e®"E,,H) from Eq. (5.14), 
remembering that it follows from the way we arrive at 
Eq. (2.3) that L(2,x’) = L(2,2’\. Thus 


(onE.H)= f L (x, 2’) AUF 82010, ( x’) dx’ 


: — AH \2)9(x)O,(x). (5.19) 


Substituting (5.19) into (5.18) we arrive at our desired 
result, 


Jii— Ju =0. (5.20) 


This derivation of the Onsager relations requires no 
reference to fluctuation theory, nor does it involve an 
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assumption that the laws connecting the macroscopic 
variables are Markoffian. 


6. CONCLUSION 


In this paper we have developed in classical (non- 
quantum) mechanics a model for a stationary irrevers- 
ible process that is capable of being treated with the 
methods of statistical mechanics due to Gibbs. Our 
model is based on the assumption that no essential 
features of the real process are lost if the interaction of 
the system with the driving reservoirs is pictured in 
terms of instantaneous impulsive interactions. The 
reservoirs themselves are described as infinitely large 
composites consisting of identical noninteracting com- 
ponents in canonical distribution. Thus each reservoir 
has a definite temperature, infinite heat capacity, and 
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vanishing internal heat conductivity. No special as- 
sumptions are made concerning the structure of the 
system; its internal dynamics are governed by some 
nonsingular Hamiltonian. 

We have succeeded in showing that our model, with 
arbitrary initial ensemble distribution, will approach 
the canonical distribution if driven by a single reservoir, 
will approach a stationary (noncanonical) distribution 
if driven by several reservoirs at different temperatures, 
and in the stationary state will obey the Onsager rela- 
tions if the driving temperature gradients are small. 

Further work will be devoted to a more detailed 
investigation of the stochastic kernels that represent 
the action of the reservoirs, the introduction of more 
general thermodynamic forces than temperature gradi- 
ents, and the transition to quantum mechanics. 
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Lagrangians Linear in the “Velocities’’* 


Ezra Newmant AND Peter G. BERGMANN 
Department of Physics, Syracuse University, Syracuse, New York 
(Received March 16, 1955) 


Lagrangian linear in the first time derivatives are of sufficient importance in physics (particle fields, 
general relativity in the Palatini formulation, Einstein-Strauss type unified field theory, etc.) to warrant 
special consideration. Our treatment is patterned after Dirac’s more general exploration of Lagrangians 
leading to algebraic relations between the canonical variables. In our case, the number of such constraints 
is at least as large as the number of configuration coordinates. The secondary constraints are free of canonical 
momentum densities. We have examined all the possibilities that may arise—~incompatibility of the field 
equations, proper Cauchy-Kowalewski problems, and the appearance of arbitrary functions in the solutions. 
Appropriate quantization procedures for the compatible cases will be indicated. 


1. INTRODUCTION 


ANY physical theories are derivable from 
Lagrangians that are linear in the first time 
derivatives of the field variables. We have investigated 
in this paper the compatibility of the field equations of 
such a theory, methods of constructing a Hamiltonian 
formalism, and quantization procedures. The formalism 
developed is capable of handling such diverse theories 
as the Pauli-Fierz equations, gravitational theory in the 
Palatini form (i.e., considering the components of the 
affine connection as independent variables), the Ein- 
stein-Strauss unified field theory, and Maxwell theory 
with the vector potentials treated as variables inde- 
pendent of E and H. 

Our treatment is based on Dirac’s' study of theories 
for which the momenta canonically conjugate to the 
field variables are not all algebraically independent of 
the field variables and their spatial derivatives them- 
selves. Dirac reduces all cases to Lagrangians that are 


* This work was supported by the Office of Naval Research. 

t Submitted to the Graduate School of Syracuse University as 
a thesis for the master’s degree. 

1P. A. M. Dirac, Can. J. Math. 2, 129 (1950); 3, 1 (1951). 


homogeneous of the first degree in the ‘“velocities’’ 
(derivatives of the field variables with respect to the 
chosen time coordinate); any Lagrangian can be given 
this form by the device of parametrization. Lagrangians 
that are (inhomogeneously) linear in the velocities do 
not require this treatment. They can be discussed quite 
successfully without the introduction of a parameter. 
They are of sufficient importance in physics that they 
warrant a specialized treatment. 

There are two general types of linear Lagrangians (in 
our sense). They all lead to differential equations that 
are free to accelerations and are linear in the velocities. 
The first type leads to equations in which the matrix of 
the coefficients of the velocities is nonsingular, the 
second to equations in which the same matrix is singular. 
The first case can be treated completely and in full 
generality. The second case has a number of subcases. 
Whenever the matrix of the coefficients is singular, then 
there exists a number of linear combinations of the 
(Lagrangian field) equations that are free of velocities. 
These combinations may be empty; if they are not, 
their time derivatives may be independent of the original 
field equations. In the latter case, new combinations 
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free of velocities may be formed, and so forth. Roughly, 
these subcases may then lead to systems of equations 
that (a) are incompatible, (b) lead to proper initial 
value problems (Cauchy-Kowalewski systems), or (c) 
possess solutions incorporating a number of arbitrary 
functions of the coordinates. 

In all cases, we have endeavored to indicate appro- 
priate procedures for quantizing the theory. 


2. BASIC EQUATIONS 
We consider Lagrangian densities of the form 
= f4ey, t+ O*(yn)= fA(ys)yatO, p=1---4 
fA=f*, Q=O+f*ya.0 
A=1---N, s=1, 2, 3, 


(2.1) 


where y, are the field variables and y,, their spatial 
derivatives. The Euler equations are 
LA = {04 f8°— 9 fAryy, , 


{a4 f* 


+ a40* 
08 fA} 9 p+640 0, 
where 

04 fB=af®/dy,, d4*f8=af?/dy,, 


640 040 - (040) i 
The equations have been written first in four-dimen- 
sional notation and then with the time variable singled 
out. In the remainder of this paper, only the latter will 
be used. We shall write 
QA (BH aB fac fAB (2.3 

Because f4* is skewsymmetric, its determinant will 
vanish if there are an odd number of field variables. If 
for this or any other reason, det| f42|=0, then we 
cannot solve the Euler equations algebraically for 4. 
Even then it may happen that the field equations are 
of the Cauchy-Kowalewski type. This statement will 
be amplified in Sec. 5. 

To go over to the Hamiltonian formalism we intro- 
duce the momentum densities conjugate to the ya, 


(2.4 


wA=0L/dy,= f4. 


Ordinarily, the defining equations for the canonical 
momentum densities are used in turn to express the 
time derivatives of the field variables, the #4, in terms 
of the canonical variables and to eliminate them from 
the standard expression for the Hamiltonian density, 


K=gyart—L. (2.5) 


Our Eq. (2.4) contains no reference to the #4. Hence 
the usual procedure is not feasible. However, it may be 
possible to obtain expressions for the “velocities” 
directly from the field equations (2.2) and to use these 
expressions to obtain the Hamiltonian density. Such a 
determination will be unique if the determinant of the 
f4® does not vanish. If it does, the lack of uniqueness 
in the determination of the y4 from Eq. (2.2) may give 
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rise to a certain arbitrariness in the Hamiltonian 

density. This contingency will be taken up in detail in 

Secs. 4 and 5. At any rate, if 
Ya=pwa(¥B,YB, «) (2.6) 


is a particular solution of the field equations (2.2), we 
may substitute this solution into the expression for the 
Hamiltonian and obtain 


R= MAT A— fAua —Q=psC4 —(U, 


with ys» satisfying 


(2.7) 


f4?ust+640=0. (2.8) 


The expressions C4, which we have introduced in Eq. 
(2.7), 

As g4— fA=0, (2.9) 
vanish because of Eq. (2.4). They represent conditions 
on the canonical field variables that are free of velocities. 
We call such conditions constraints. More particularly, 
the C4 are “primary constraints,” because they result 
directly from the defining Eq. (2.4). Even though the 
C4 vanish, their partial derivatives will appear in the 
canonical field equations. The canonical field equations 
have the form 

Ya=IK/On4= pa, 
(2.10) 
—64K=640+ "20 4 {B_C3§ Ap. 

Presumably, Eqs. (2.9) and (2.10) determine the be- 
havior of the field in the Hamiltonian formalism. For 
this system of equations to be consistent, the time 
derivatives of the constraints must vanish. In some 
theories with constraints, this set of conditions leads to 
additional constraints (the secondary constraints), 
whose time derivatives must again vanish, etc. In this 
instance, these consistency conditions are satisfied 
automatically. We have 


C4 = ¢4— yp 0* fA 


) 
= 640+ fAByg—C854yp. (2.11) 
The first two terms on the right-hand side will vanish 
together if the choice (2.6) for u4 was made correctly, 
i.e., in accordance with the Lagrangian field equations 
(2.2). The last term will vanish if the constraints (2.9) 
are satisfied. Similarly, the time derivatives of the 
expressions (2.11) will again vanish modulo Eqs. (2.2), 
(2.6) and (2.9). It follows that if we satisfy the canonical 
field equations (2.10) at all times and the constraints 
2.9) at least at one time é, then the constraints will 
remain satisfied at all times. This set of conditions,— 
(2.9) at one time, (2.7), (2.10) at all times,—is then 
equivalent to the Lagrangian field equations (2.2), pos- 
sibly specialized (if det| f4|=0) by the choice (2.6). 
A relationship which will be useful in the remainder 
of the paper is the Poisson bracket between two con- 
straints. A short calculation shows 


(C4 (x),C3(x’))= [475(x—2’). (2.12) 
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Attempts to quantize a theory with constraints in 
the usual manner, i.e., by equating the commutators 
of the quantum-theoretical observables with the Poisson 
brackets of the c-number theory run into a characteristic 
difficulty. One might be tempted to require of the 
constraints that they are identically zero, i.e., that all 
matrix elements of the corresponding operators vanish. 
Such an assumption is: inconsistent with the require- 
ment that some of the commutators of these constraints 
with other observables (which may also be constraints, 
though they need not be) are different from zero. Fre- 
quently, this difficulty, which also arises in quantum 
electrodynamics, has been circumvented by the re- 
quirement that the constraints do not vanish identi- 
cally, but only that the wave vectors are eigenvectors 
of the constraints, belonging to the eigenvalue zero. 
This alternative is not entirely satisfactory, either. If 
the constraints have nonvanishing Poisson brackets, as 
they do in our case [see Eq. (2.12) ], then the require- 
ment that the state vector is a null vector of both of 
the constraints involved leads to the self-contradictory 
requirement that it also be a null vector of the com- 
mutator. Similar though different difficulties arise when 
the constraints have c-number commutators with other 
field variables, a situation that arises in electrodynamics. 

Dirac! has suggested a modification of the usual 
quantization procedures that can be applied to theories 
incorporating constraints. He classifies constraints 
(within the c-number theory) into two categories, those 
that have vanishing Poisson brackets with all other 
constraints (“first-class constraints’) and those that do 
not (“second-class constraints”). By replacing a given 
set of constraints by a new set of linear combinations, 
he first maximizes the number of first-class constraints. 
The remaining second-class constraints, say R in 
number (R in our case equals the rank of the matrix 
f4%) will then have a set of Poisson brackets whose 
determinant does not vanish. He then introduces a 
new type of bracket symbol, which is now usually called 
a Dirac bracket, defined in terms of the Poisson bracket 
(M,N) as follows: 


{MN} =(M, Y= ff armenrra(e2” 


K (A (x""),N)dx’dx”. (2.13) 


The quantities 6* represent the totality of all new 
second-class constraints, and have Poisson brackets 


(07 (x) 09 (x’) )\= 28 (x,2’), 


°F (x, x’) = —F2(z’ x) 


(2.14) 


and Fz is the reciprocal to the $8, 


frewars (x,x""\d*x=6(x’—x"")6,%. (2.15) 
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By direct computation, Dirac has shown that his 


bracket satisfies the Jacobi relationship, i.e., 
{A,{B,C}}+{B,{C,A}}+{C,{A,B}} =0. 


This fact alone suggests that the Dirac bracket repre- 
sents a group-theoretical commutator, just as the 
ordinary Poisson bracket does.* At any rate, inasmuch 
as the Dirac bracket between any 6* and any dynamical 
variable vanishes identically, it is possible to set the 
6* identically zero, and thereby replace the whole phase 
space of 2N dimensions (per space point) by the 
(2N—R)-dimensional hypersurface @*=0. On_ this 
hypersurface, our theory will still have (V—R) first- 
class constraints (per space point). The quantization 
procedure applies to this reduced theory; Dirac 
brackets, rather than Poisson brackets, are related to 
the commutators of the quantum-mechanical observ- 
ables. Dirac has also shown that for the correct Hamil- 
tonian 


(2.16) 


Wa = (ya,H) = {y4,H}, 


2.17 
A = (w4,H)={44,H}. roe 


In other words, the Dirac bracket is capable of taking 
over completely the role that is played by Poisson 
brackets in theories without second class constraints. 

The field equations of Lagrangians linear in the 
velocities belong to one of three main types. 


(1) They may determine the “velocities” gy, uni- 
quely and algebraically as functions of y, and ya, 
(Sec. 3). 

(2) It may be impossible to determine the “velocities” 
uniquely (Sec. 4). 

(3) We may be able to derive conditions of com- 
patibility, which, together with the original field equa- 
tions, determine the “‘velocities” (Sec. 5). 


3. “VELOCITIES” DETERMINED BY EULER 
EQUATIONS 


The first case is characterized by det! {4"| #0. In 
this case, the Hamiltonian H is a uniquely defined 
function of the y4, ya,. and #4. Since the rank of f4* 
is NV, all constraints and all the +4’s can be eliminated 
by means of Dirac’s method. Wherever a quantity #4 
occurs we replace it by the corresponding /4. Thus the 
Hamiltonian reduces to K= —Q. The canonical equa- 
tions are now obtained in terms of the Dirac brackets. 
We shall derive some properties of the Dirac bracket 
for this case. 

Choosing for @* all the C4’s and thus making $*° 
equal to {4%5(x—x’), and defining a new set of quan- 
tities fag by 

fA® fac=ic', (3.1) 


? P. G. Bergmann, and I. Goldberg, Phys. Rev. 98, 531 (1955). 
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we get from Eq. (2.13 


)} 
¥n(x’)) ff VA\s C? v’”)) 


: , P , P , 
54” foxbp”6(x —~z) '4po\X—-X ). 


{4 : X),Ve x” 


We can write the Dirac bracket between any two func- 


tionals of the y, and ys, by using Eq. (3.2). The result 


0M DA 
f fay d*x. 
OVA DYs 


is 
S Va 1 


f,, we get from Eqs. 


H and M=y, fol- 
2.17) and (3.3), 


If we substitute V 
lowed by M 


YA 580 fan or Yat 70 fap 0, (3.4 
and 
fi oA fe Ya 


{ {°,H} 


AA SCEB 
04 f6"°O fap 


(Yat+54O fap G4 fC =) 


The first of these is exactly equal to the Euler equations 
when we multiply by f¢4 

The quantization procedure is now as follows. Instead 
of relating the Poisson bracket to the commutator, we 
relate the Dirac bracket 
satisfy the commutator relation 


Therefore the operators yu. 


r , 


VA\ 4) Vae\a 


© 


th f 4 pd (x 


The Schrédinger equation is 


av 
ih f Od 
ar 


Terms in Q must be ordered so as to make 0 Hermitian 
No mention need be made of either the constraints or 
the momentum densities. 

Although this formalism can be applied among other 
examples to the Pauli-Fierz’ equations, we will illus 
trate it with a much simpler example. Consider the 
Lagrangian for the Schrédinger equation, the y and y* 
taken as classical field variables, 


Hence, 


th 


> 


From Eq. (3.5), we l U*(x’) |=s 


see that [¥(x),¥*(2’) ]=5(a—2 
the usual commutator in the second-quantized theory 
(if the particles are bosons 


*W. Pauli and M. Fierz, Helv. Phys. Acta 12, 297 (1939 
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4. UNDETERMINED VELOCITIES 


The more difficult and mathematically more inter- 
esting case is that of det! f42' =0. A general solution to 
Eq. (2.8) is ; 

BaA=Dat EUs, (4.1) 
where £‘ are a set of functions of the yu, y4,, and x*, for 
the moment unspecified, with 7 going from 1 to (V—R) 
(R is the rank of the matrix {4*); u;, are a complete 
set of linearly independent vectors satisfying the 
homogeneous equation f4%u;,=0, and fi, is any par- 
ticular solution of Eq. (2.8). fi, is then a known alge- 
braic function of y4 and yu... 

If we multiply Eq. (2.2) by us, we see that the fol- 
-R) conditions must be satisfied if solutions 

(or the Euler equations) are to exist: 


lowing (\ 
of Eq. (2.8 


u;464°0=0 (4.2) 
These conditions may be satisfied identically, in 
analogy to the Bianchi identities of general relativity. 
But it may also happen, instead, that these conditions 
restrict solutions of our Euler equations to hypersurfaces 
in configuration or phase space. They contain only the 
field variables y, and their spatial derivatives, y4,,. We 
call constraints of this type secondary constraints and 
label them 
C= 04840. (4.3) 
If Eqs. (4.2) are identities, we shall write them with an 
sign, otherwise with an ordinary equality 
sign. It may be that in a particular problem both types 
those that satisfy Eq. (4.2) identically 
will appear. 
We consider first the case of all the C; vanishing 
i.e. u:464Q0=0 for all 7. The & of Eq. (4.1) 
arbitrary TI 


identity 
t 


of vector U4 
and those that impose constraints | 


identik ally, 


are completely functions.--The equation 


u;,640=0 is empty and we cannot derive additional 
u:4640=0. (We 
shall study the use of the secondary constraints for 
Che Hamiltonian 


conditions for the £‘, as we can when 
determining the £' in the next section 
for the present problem is 


(4.4) 


We can better understand the appearance of the arbi- 


£' in the canonical formalism if we use f'uj4C4=C 


trary 
as the generator of an infinitesimal canonical trans- 
formation, 

(4.5) 


by4= OC /Or4 = Eu. 


rhe functional change in the Lagrangian is given by‘ 


aL . 6 ~L ‘Ov (4.6 


is arbitrary and the / are the field 
4.5) into Eq. (4.6) and noting 


where the C’ 
equations. Putting Eq. 
that 

LAby,= LAb ua = (f47 9 2+640 uit =0, 


‘P. G. Bergmann and R. Schiller, Phys. Rev. 89, 4 (1953 
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we see that 6’L=—C’,. This is the condition for a 
continuous group of invariant transformations which 
depend on the arbitrary functions £*. In other words, for 
a solution y, of the field equations satisfying certain 
initial conditions, y4’= y4+ ‘uj. is also a solution satis- 
fying the same initial conditions if ¢* and its spatial 
derivatives vanish at =0. The choice of a particular 
set of £' is equivalent in Maxwell theory to a particular 
gauge frame and in general relativity to particular 
coordinate conditions. 

In order to quantize this type of theory by Dirac’s 
procedure, we must maximize the number of first class 
constraints. As was explained in Sec. 2, this is done by 
taking linear combinations of the old constraints, the 
coefficients being the coefficients of the orthogonal 
matrix which borders the singular matrix {4%. Since 
f** is of rank R, there will be R second-class constraints 
and (N—R) first-class constraints. We use these R 
new second-class constraints to form the Dirac bracket 
and to eliminate R variables from the theory. The 
quantum-mechanical commutation relations are asso- 
ciated with the Dirac bracket rather than with the 
Poisson bracket, and the (V—R) first-class constraints 
C** give rise to (V—R) Schrédinger equations: 


C*v=0, (4.7) 
in addition to the usual one: 
av 
ih : - foe xv. (4.8) 
al 


5. COMPATIBILITY CONDITIONS WHEN det! f4#| =0 


When Eq. (4.2) is not an identity (i.e., when we have 
secondary constraints) there are so many subcases 
that it has been difficult for us to give a systematic 
analysis of it. The simplest way to see the various possi- 
bilities is to consider a theory with a finite number of 
degrees of freedom (i.e., a problem in mechanics) rather 
than one with an infinite number of degrees of freedom 
(a field). The Lagrangian analogous to Eq. (2.1) is 


L= f*(x)Zat+QO(x). (5.1) 
The Euler equations are 
L*= f*®ig+0°O=0, (5.2) 
afe afe ag 
{[%= = arO =- 
OX_ OX~g OXe 


The case we are considering now is that of det| f**| =0 
and %.0%)=0 where ua satisfies the homogeneous 
equation /*%u;s=0. For compatability the time de- 
rivative of the secondary constraint, C;= u;.20°0, must 
vanish. These time derivatives, which are homogeneous 
in the velocities, have the form 


8° (uiad*O) p=0. (5.3) 


LINEAR IN 
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These equations (5.3), together with the original Euler 
equations, form an extended set of field equations. Three 
possibilities may arise: (a) There may exist no algebraic 
solutions of these equations for the velocities, in this 
case the original Euler equations are incompatible; 
(b) Eqs. (5.3), (2.2) may uniquely determine the 
velocities in terms of the x’s, so that our equations are 
of the Cauchy type (i.e., we have an initial value 
problem); (c) algebraic solutions may exist without 
being unique. In the last case there may be linear com- 
binations of the extended field equations that do not 
contain velocities, different from the ones we have 
already obtained, uiad¢0=0. We must then extend the 
field equations further by taking their time derivatives. 
This procedure is repeated until the velocities are 
uniquely determined by all the extended field equations 
or when the last linear combination of field equations 
free of velocities is identically zero. In the latter case, 
there will appear in the Hamiltonian an arbitrary 
function, and our theory will have similar invariance 
properties as those of the previous section. The quan- 
tization of problems of this type must be handled 
individually ; no general procedure can be set up because 
of the extreme complexity of the problem. 

When the velocities are uniquely determined by the 
extended field equations, the Hamiltonian is also a 
unique function. However, to the canonical equations 
of motion we must adjoint not only the primary con- 
straints, C’= p®—f%=0 but also the secondary con- 
straints, i.e., all the independent linear combinations of 
the extended field equations that are free of velocities. 
In order to apply Dirac’s procedure for quantization, 
we must form the matrix whose elements are the 
Poisson brackets between all the constraints, primary 
and secondary. It will be of order N+ M, where N is 
the number of degrees of freedom of the mechanical 
system and M is the number of secondary constraints. 
The matrix will be of the form 


od (Ci,C8 
y f > (5.4) 


(C*,C,) 0 


The terms in the lower right-hand corner are zero 
because the C; contain only configuration space vari- 
ables. In general the rank of F will be less than N+M, 
though there are interesting cases for which it is equal 
to N+-M. In the latter case, all the constraints are, in 
Dirac’s terminology, second-class constraints. The 
Dirac bracket is formed with these constraints and 
N+M variables are removed from the canonical for- 
malism. The quantum-mechanical commutation rela- 
tions are then associated with the Dirac bracket and 
we have only one Schrédinger equation because there 
are no first-class constraints. 

If the rank, R, is less than N+M, we must take a 
linear combination of all the constraints and maximize 
the number of first-class constraints, as was done in the 
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previous section. The Dirac bracket is then constructed 
from the new second-class constraints. When we quan- 
tize, there will be (V+M—R) first-class constraints 
that will go over into Schrédinger equations in addition 
to the usual one, Eqs. (4.7) and (4.8). 

To help clarify the procedures outlined in this 
section, we will apply them to a simple example. Con- 
sider the Lagrangian density L with five independent 
field variables u and u, (a=1, 2, 3, 4): 


L= —tett at hue —}rw? 
= Ug — Ut, t+ fu? —fueg— hen’, (5.5) 
c=1, x=(m/h)*, u.=0u/dx*, s=1, 2, 3. 
The Euler equations are 
ist, teu=0, u,=Uu,, U= Uy. (5.6) 


These two sets of equations are obviously equivalent 
to the Klein-Gordon equation, but the Lagrangian is 
in such a form that we can apply our procedure. A 
simple calculation shows that there are only three 
secondary constraints, 


(5.8) 


plus the Euler equations, allow us to solve for the 
velocities, though the Euler equations by themselves 
are insufficient to determine w, 


ig= Ue pK, Ue Me., U= My (5.9) 
Since the momenta are defined as 
r°=0L/di,=0, 2r=O0L/dU=, (5.10) 
we obtain the five primary constraints: 
Ct=r*=0, C=r—u,=0. (5.11) 


The matrix, whose elements are the Poisson brackets 


of all the 8 constraints, (5.7) and (5.11), is 


0 0 0 0000 1 
0 0 0 0.0 0 1.0 
0 0 0 S &. 1.,6008 
0 0 0 0100 0 
0 0 0-1 0000 
0 0 —1 0000 0 
0 —!1 0 000 0 0} 
—1 0 0 000 0 0) 


ral 
— 
Nm 
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Since its rank is eight, all the constraints are second- 
class, and eight variables can be eliminated. The most 
convenient choice for elimination is u_ and x*. The 
Hamiltonian density, 


R= tig+ tie't+inr—L 


= tC 8+ ,C'+ uC+u, u,—4}(uP—ug—eu*), (5.15) 


then reduces to 


= 4 (92+ 12+ 02n?). (5.16) 


The Dirac bracket between any two functionals 
becomes simply 


dDMdN dM dN 
unny= f ( apes — — ) (5.17) 
du Dr Dr Du 


We see that our procedure reduces to the usual quan- 
tization procedure for the Klein-Gordon equation. 


6. CONCLUSION 


Theories that are linear in the derivatives of the field 
variables lend themselves particularly well to a detailed 
examination of the Dirac bracket formalism and its 
applicability to the problem of quantization, because 
of the comparatively lesser formal complexity of such 
theories. Despite some simplification, there remain both 
fundamental and computational difficulties that must 
be overcome before essentially nonlinear theories (such 
as the general theory of relativity) can be quantized 
successfully with the help of the formalism described 
in this paper. 

The principal fundamental difficulty is the formu- 
lation of rules that will permit the ordering of non- 
commuting factors in the Hamiltonian. Presently it 
appears that the requirements of general covariance 
will greatly restrict the freedom of choice in this 
respect, but without leading to a unique determination; 
we have not yet succeeded in clearing this question up 
definitely. 

The investigation of this fundamental question is 
closely related to the computational difficulty involved 
in handling very large systems of simultaneous algebraic 
equations. In general relativity, in the Palatini formu- 
lation, there are altogether 50 field variables, 10 com- 
ponents of the metric tensors and 40 components of the 
affine connection. Though some degree of separation 
of the system of equations that determines the null 
vectors of the matrix f4% is possible, the remaining 
problem is still formidable. We hope that these diffi- 
culties will be overcome in the near future. 
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Temperature Effects in the Annihilation 
of Positrons* 
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COMPONENT of anomalously long lifetime was 

first observed by Bell and Graham! in the decay 
of positrons in several condensed materials. In order to 
account for this component, which we shall call the 
tT; component, they postulated the existence of triplet 
state positronium which was being converted to the 
singlet state and subsequently annihilating. Several of 
the substances which exhibited the 7; component also 
showed a dependence of 72 on the temperature of the 
annihilation medium. This was particularly true in the 
case of Teflon. Graham and Stewart* further observed 
that as the temperature was reduced, the three-photon 
annihilation rate in Teflon decreased, thus establishing 
a correlation between rz and three-photon annihilations 
as a function of temperature. We have further investi- 
gated the effects of reduced temperature in several 
other substances which show a 72 component. Among 
these were methyl alcohol, water, and glycerine, each 
containing a small amount of Na”C1 in solution. 

The Na*Cl of about one mC activity was first dis- 
solved in 5 ml distilled water, this aqueous solution 
later being evaporated to the salt residue and redis- 
solved in methyl alcohol and glycerine for the deter- 
minations in these liquids. The active solution was 
placed in a small Pyrex volumetric flask and submerged 
in the various refrigerating agents such as liquid 
helium, liquid nitrogen, solid carbon dioxide in alcohol, 
and freezing mixtures of ice and salt. The refrigerants 
were placed inside a Dewar which was contained in a 
second Dewar. NaI(T!) scintillation counters placed at 
120° relative to one another were used as radiation de- 
tectors. A fast triple coincidence circuit was built to 
record the number of three- and two-photon coinci- 
dences. Provisions were made to lift one of the counters 
out of the coplanar position of source and counters by 
45° in order that triple coincidences other than from 
the three-photon annihilation of positrons could be 
measured. The coplanar to noncoplanar ratio was 1.86. 
Twofold coincidences were measured by placing two of 
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the counters at 180° with respect to one another and 
coplanar with the source. The counting rates thus ob- 
tained were not absolute rates inasmuch 4s the counter 
efficiencies had not been determined. Care was exer- 
cised in maintaining a constant mass of material sur- 
rounding the sample when changing refrigerants. For 
example, at higher temperatures wood alcohol (density 
0.806 g/cm*) replaced the liquid nitrogen (density 0.804 
g/cm*) used in the outer Dewar for the measurements at 
4.2°K. Also, the constancy of the twofold coincidence 
rate for the various refrigerants showed that the ab- 
sorptivity of the different refrigerants did not change. 
Room temperature twofold and threefold coincidences 
were taken first, followed by the rates at the reduced 
temperature, and finally the room temperature rates 
were remeasured to assure that counting rates had not 
drifted during the course of a determination. The results 
are plotted in Fig. 1, where the normalized threefold 
coincidence rate has been shown as a function of tem- 
perature. The normalization factor was determined by 
comparison of twofold coincidence rates for the various 
runs. 

A decrease in the threefold coincidence rate is ap- 
parent after the annihilation medium has become solid 
due to freezing. In this connection, the water solution 
solidified at 260°K, methyl alcohol at 176°K, and 
glycerine began to solidify at about 290°K. The three- 
fold rate was also measured for annihilation of Zn® 
positrons in the zinc. No temperature effect was found, 
which observation is consistent with the absence of a 
7, component in metals. 

These data then support the correlation between the 
anomalous rz component and the increased three- 
photon counting rate. A similarity in the effects of 
temperature on these two phenomena is also apparent. 
The most significant aspect of the data presented here 
is the indication that the temperature effect occurs only 
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Fic. 1. Three-photon annihilation rate as a function of tem- 
perature. Open circles—annihilation in water; closed circles 
glycerine ; triangles—methy] alcohol. Rates for different materials 
were arbitrarily normalized at 300°K. 
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after solidification of the materials. Sufficient experi- 
mental data are not yet available to draw definite con- 
clusions about the nature of the state responsible for 
the +2 lifetime and increase three-photon rate nor 
about the mechanism of its destruction. However, our 
results suggest the importance of the order and struc- 
tural state of the materials and perhaps such factors as 
the dielectric constant which is known to be tempera- 
ture-dependent. 
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Effect of Elastic Strain upon Electrical 
Resistance when Cold-Work Induced 
Imperfections are Present 


E. W. Kamer 
Vaval Research Laboratory, Washington, D. C 
Received May 3, 1955 


M! YLENAAR and Aarts’ have shown that the in- 
crease in electrical resistance produced in copper 
by cold work at | 


iquid nitrogen temperature can be 
partially removed by annealing the 


\ specimen at room 
temperature. Experiments by Manintveld? indicate that 
the 


heat 


resistance contribution removable by this mild 


treatment is due to vacancies or aggregates of 


vacancies since the activation energies correspond 
closely with theoretically estimated values.’ The ex- 
periment reported here is concerned with the effect of 
elastic strain upon the electrical resistance after the 
metal has been subjected to various amounts of cold- 
work 
tion was produced in an annealed copper wire (diameter 
0.001 nitrogen. At 


ts of permanent elongation, an elastic 


By means of simple tension, permanent elonga- 


inch) wl 


le submerged in liquid 
certain increme! 
strain cycle was performed during which the change in 
resistance per unit resistance, AR/R, was measured as 
ic strain, AL/J 


quantity, G, defined by the 


a function of elast 
In Fig. 1 the 
(AR/R 


perm nent 


ratio 
(AL/L), is plotted as a function of percent 
Immediately the 


elongation 


preceding 
measurement indicated by point A the wire was with- 


drawn from the liquid nitrogen and kept at room tem- 





Fic. 1. The ratio, G 
= (AR/R)/(AL/L), asa 
function of plastic elon 
gation in copper at 
liquid nitrogen tempera 
ture. Each point repre- 
sents the slope of an 
electrical resistance ver- 
sus elastic strain relation 

measured at the indi- 
= = cated state of deforma- 
' thon. 
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perature for several hours. Without further cold work 
the specimen was again cooled and the ratio, G, repre- 
sented by the point A, was determined. After a small 
increase in permanent elongation the wire was removed 
from the liquid nitrogen and the value of G was deter- 
mined under room temperature conditions. This point 
is designated by B. 

The strain sensitivity factor, G, changes in much the 
same manner and degree as did the resistivity in the 
experiment of Molenaar and Aarts after the room 
temperature anneal. This behavior suggests that each 
type of imperfection makes its own contribution to the 
factor G. In this case vacancies generated by cold-work 
influence the relationship between elastic strain and 
resistivity to an easily measurable degree. The graph is 
also evidence that the factor G can experience large 
changes in magnitude during the deformation process, 
independently of the annealing treatment. Evidently 
there is a complicated interplay between the imper- 
fection generation and escape or annihilation processes. 

1 J. Molenaar and W. H. Aarts, Nature, 166, 690 (1950). 


2 J. A. Manintveld, Nature 169, 623 (1952 
*T. Broom, Advances in Phys. 3, 74 (1954 





Angular Correlation of Photons from 
Positron Annihilation in Solids 
A. T. STEWART 
Physics Division, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada 
Received April 11, 1955 


EASUREMENTS of the angular correlation of 

photons from positron annihilation have been 
continued' with better resolution, and two new effects 
have been observed. 

The shape of the angular correlation curve varies 
considerably throughout a series of some dozen metals 
from Be to Pt. Figure 1 shows typical coincident count- 
ing rates, /(z), as a function of z, the angle between the 
annihilation photons. These data, when corrected for 
instrument resolution,? have yielded the average mo- 
mentum distribution, V(k)dk, of annihilating electron- 
positron pairs by using the fact that 2d//dz is propor- 
tional to N(R). 

For the light metals the momentum distribution of 
annihilating pairs resembles that found by other means? 
for the conduction electrons alone. For the heavier 
metals a component of higher momentum appears.‘ 
Figure 2 shows typical distributions for Zn and Mg. 
Results for a number of metals show that the higher 
momentum component increases with the fractional 
volume occupied by the ion cores, possibly indicating 
an increased number of annihilations with bound elec- 
trons or an excluded volume effect® in the annihilation 
with conduction electrons. 
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Fic. 1. Observed angular correlations of photons from posi 
tron annihilation in Zn and Mg. The instrument resolution is 
indicated. 





In amorphous nonconductors, as Page et al.® have 
already shown, the angular correlation has a broad 
base and somewhat sharper peak than is observed for 
most metals. An example of this can be seen by com- 
paring Fig. 1 and Fig. 3. In Teflon, the maximum 
coincident counting rate increases gradually with in- 
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Fic. 2. Momentum distribution of annihilating pairs 
in Zn and Mg. 
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crease in temperature. In Fig. 3, the results for Teflon 
at two temperatures, 77°K and 525°K, are shown. If it 
is supposed that positrons in Teflon annihilate by two 
processes, corresponding to narrow and wide com- 
ponents of the observed curves, then it appears that 
as the temperature is raised the narrow component 
becomes narrower or its intensity increases at the ex- 
pense of the other component. It is probable that these 
two annihilation processes may be related to the two 
modes of decay observed by Bell and Graham,’ one of 
which also showed a temperature effect. 

_ The observed lifetimes of positrons in solids, the 
three quantum annihilation rate experiments,* and the 
present measurements all suggest that the mechanism 
of positron annihilation in metals and crystalline solids 
is different from that in amorphous nonconducting 
materials. 
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Fic. 3. Observed angular correlation of photons from positron an- 
nihilation in Teflon. The instrument resolution is indicated. 


This work is being continued and a full account will 
be submitted for publication in the Canadian Journal 
of Physics. 


1R. E. Green and A. T. Stewart, Phys. Rev. 98, 486 (1955). 

*C. Eckart, Phys. Rev. 51, 735 (1937). 

‘For example, W. B. Skinner, Trans. Roy. Soc. (London) 
A239, 95 (1946) 

‘Through the courtesy of Professor S. DeBenedetti we have 
learned that similar results have been obtained in his laboratory. 

* DeBenedetti, Cowan, Konneker, and Primakoff, Phys. Rev. 
77, 205 (1950). 

* Page, Heinberg, Wallace, and Trout, Phys. Rev. 98, 206 
(1955) and L. A. Page (private communication). 

™R. E. Bell and R. L. Graham, Phys. Rev. 90, 644 (1953). 

* R. L. Graham and A. T. Stewart, Can. J. Phys. 32, 678 (1954); 
T. A. Pond, Phys. Rev. 93, 478, (1954). 
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Hall Theory in n-Type Germanium* 
Lovis GOLD 
Lincoln Laboratory, Massachusetts Institute of Technology, 
Lexington, Massachusetts 
(Received April 7, 1955) 


STUDY of the galvanomagnetic properties of the 

eight-[111] and six-[100] ellipsoidal models, 
appropriate respectively for the energy surfaces in 
n-type germanium and silicon, has been in progress for 
some time in the Lincoln Laboratory.’ Using the 
assumption of energy-independent scattering time r 
which has already been employed to explain cyclotron 
resonance,’ theoretical calculations have been carried 
out. Preliminary comparison of the angular and mag- 
netic field B dependence of the magnetoresistance re- 
veals essential agreement with the energy-dependent r 
theories,’ although admittedly the constant r assump- 
tion is restrictive. The latter has the advantage, how- 
ever, of greatly reducing the computational effort re- 
quired in arriving at explicit results. 

The behavior of the Hall coefficient Ry in n-ger- 
manium is as follows: Plots of Ry vs B have two asymp- 
totic values which are independent of orientation—the 
saturation (high-field) limit is just R.=1/Ngc, while in 
the low-field limit Ro=[3K(K+2)/(2K+1)*]R.. In 
between these limits, an orientation-dependent mini- 
mum occurs which becomes more pronounced as the 
current density J and magnetic field directions are 
chosen with higher Miller indices. The occurrence of 
such minima for r characteristic of lattice scattering was 
pointed out earlier. However, in the present descrip- 
tion, it is easier to show this for diverse orientations; 
and moreover, for a given orientation of J and B, a 
universal plot can be made for Ry vs wr, where 









gB 3K 
/ ’ K = M;/ Me, 
m* 2K +] 
ae; gaTumarioe __. 
—_—_—_— 

> as 

> De noite dee Sap MLA COEFTiCENT 

fie 

- 
. 
© - ; 
> / 

if / 

wn tue Oilg Ss COEFPrCERT 

=< . 
~\ 

-™% 

“ 

~ _ ‘ a - ——-»-_____A_____ 

° : ’ . 5 . ’ e . < 


Fic. 1. Behavior of Hall coefficient plotted in terms of the 
universal parameter wr which simultaneously icts the effect of 
magnetic field and scattering time: (a) The case J,00, Bore; (b) the 
Case Ji, Bij 
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m* being the average effective mass defined in terms of 
the mass tensor components m, and m2, by 


3/m* = 1/m,+ 2/me. 


Favorable resolution of the minimum requires the 
proper combination of symmetry for J and B along 
with the proper range of | B| and r, being generally 
abetted by small r associated with high temperatures 
and impure samples. 

Figure 1 illustrates typical behavior of the universal 
plots. The arrangement Joo, Boxo exhibits the behavior 
shown in Fig. 1(a); the minimum here is coincident 
with the Ro value. Experiment indeed indicates a 
minimum very close to B=0.* The situation for J,:0, Biro 
is more amenable for the observation of the minimum 
which as Fig. 1(b) indicates occurs at wr~2.5 with an 
Ry value a few percent below Ro. Again experiment 
seems to be essentially in line with this.* So far, it ap- 
pears that the experimental data fall somewhere 
between the predictions of the constant and energy- 
dependent +r theories; the measured value at liquid 
nitrogen temperatures of R,/R» for ~10 ohm-cm 
material at room temperature lies between 1.27 and 
1.08 in these respective theories, for K about 19.° 

I would like to thank Miss M. Clare Glennon of the 
Lincoln Laboratory Computer Group for carrying out 
the calculations and W. M. Bullis and W. Krag for 
permission to refer to their research still in progress. 

* The research reported in this document was supported jointly 
by the Army, Navy, and Air Force, under contract with the 
Massachusetts Institute of Technology. 

1 L. Gold and L. M. Roth (to be published). 

* Lax, Zeiger, and Dexter, Physica 20, 818 (1954). 

+B. Abeles and S. Meiboom, Phys. Rev. 93, 1121 (1954). 

*M. Shibuya, Phys. Rev. 95, 1385 (1954). 


5 W. Krag and W. M. Bullis (to be published). 
* Dresselhaus, Kip, and Kittel, Phys. Rev. 98, 368 (1955). 





Measurement of Electron Momentum by 
Positron Annihilation*t 


G. Lanc,t S. DeBenepetti, AND R. SMOLUCHOWSKI 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
(Received May 27, 1955) 


N order to explore the possibility of investigating 

electronic states in solids by means of positron 
annihilation we have measured, with good resolution, 
the angular distribution of gamma rays from two- 
quantum positron anniliilations'* in various metals. 
The experimental arrangement utilizes two scintillation 
counters placed behind vertical slits in lead blocks 
located two meters on either side of a vertical strip 
of the material being studied. This strip is bombarded 
by positrons from two Na®™ sources which are placed 
on opposite sides of it and which are shielded from 
direct view of the fixed counter. The movable counter 
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Fic. 1. The shaded curve is the calculated resolution. The 
central parabolas are computed from density, atomic weight, and 
valence, assuming an ideal Fermi gas at zero temperature. The 
abscissas of the sharp corners correspond to computed maximum 
momenta. 


rotates about a vertical axis passing through the sample. 
The slits are 2 mm wide and the sample has, in each 
case, an effective width of 1 mm as seen from the 
counter positions. We estimate the resolution curve to 
have a width at half-maximum of about 1.3 milliradians. 

The experimental results are plotted as a function of 
the angular deviation from 180°. This deviation, ex- 
pressed in radians, is equal to the z component of the 
momentum of the annihilating pair, measured in units 
of mc. All curves are normalized to the same height at 
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Fic. 2. Other examples of the angular distribution of 
annihilation radiation. See caption of Fig. 1. 
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the center. The standard deviation, shown only for the 
highest point of each curve, varies as the square root of 
the counting rate. The background at high angles is 
explainable in terms of random coincidences. A correc- 
tion for the finite resolution of the instrument would 
net appreciably alter the position of the points. 

The curves of Fig. 1 consist of two parts, a central 
parabola and a large-angle tail. The parabolas are the 
computed #-momentum distribution of electrons of a 
Fermi gas having the same density as that of free elec- 
trons in the metal, assuming the number of free elec- 
trons per atom equal to the number of the corresponding 
column in the periodic table. The curves of the tails 
have been traced through the experimental points. 

It is interesting that the momentum distribution of 
the annihilating pairs should correspond so closely to 
that of a Fermi gas. This fact seems to imply (a) that 
the positrons annihilate at rest, (b) that they seldom 
annihilate with the electrons of the atomic cores, (c) 





,1, J J ) \ o—4_1_»_¢ 
’ / ‘ 
ott — 49 j + q\ * ened 
r s e 4 \ . 
~——<e* . Fy - q \ As, a 
eaten “~~ - J J 4 *&# . - —* 
Au ce oe ae 
° _— 4 ¢ « ithinanypnsiendi 
° 
~— ao y s + ‘ %. patmninnesiien 
Pd « Pt 5 | 4 . 
ee eo ee eee 
. | 
Fe #Co : N | > 
7 + } ¢ > @-« 
0 10 20 
0% Radian 


Fic, 3. Angular distributions from transition and noble 
metals. Curves are experimental. 


that this type of experiment does not reveal significant 
local effects of the lattice upon the electrons, (d) that 
the annihilation probability is independent of the 
electron velocity. It is also interesting to note that Al, 
Sn, and Pb show alkali-like angular distributions in 
spite of the presence of overlapping bands. This may 
indicate that we are sampling electrons only in inter- 
stitial regions. 

For the elements of Fig. 2, the decomposition of the 
curves into two parts is more ambiguous since the 
tails blend more smoothly with the central peaks. How- 
ever, a treatment similar to that of Fig. 1 gives reason- 
able results. 
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In Fig. 3, transition metals and noble metals, the 
analysis in terms of parabolas is not possible because 
of the large size of the tails. Since the cores are close 
to each other in these elements, one is tempted to 
associate these tails with the electron of the atomik 
cores.* To the accuracy of this experiment Fe, Co, and 
Ni are indistinguishable; the same is true of Pd, Pt, 
and Ag. 


*This work is being supported by the National Science 
Foundation 

t Paper submitted (by G. L.) in partial fulfillment of the re 
quirements for the degree of Doctor of Science at Carnegie 
Institute of Technology, 1955. 

t Sylvania Electric Products Company, Predoctoral Fellow 

' DeBenedetti, Cowan, Konneker, and Primakoff, Phys. Rev 


77, 205 (1950 


? Page, Heinberg, Wallace, and Trout, Phys. Rev. 98, 206 
(1955 
*R. E. Green and A. T. Stewart, Phys. Rev. 98, 486 (1955); 


also A. T. Stewart (personal communication of more recent work 
} 


* Ambrosino, Houbaut, and Maignan, Compt. rend. 237, 708 
(1953 

+ J. Des Cloizeaux and G. Ambrosino, Compt. rend. 237, 1069 
(1953 





Transition Temperatures of He’ — He‘ 
Solutions 


Dasu AND R. Dean TAyLor 
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Received April 11, 1955 


LU miversily 


E are currently engaged in an experimental 

study of the superfluidity of dilute solutions of 
He’ in He‘, including pure He*. Measurements of the 
behavior of a torsion pendulum immersed in the liquids, 
as previously carried out' yield information on the 
normal fluid density, viscosity, and critical velocity 
This technique, together with certain refinements in 
the measurement of temperature and of pendulum 
oscillation periods, permits us to make quite accurate 
determinations of the A points. Transition temperatures 
of individual solutions are obtained by locating the 
discontinuity in slope of the torsion period versus tem- 
perature, which is equivalent to finding the temperature 
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Fic. 1. Behavior of pendulum period in the vicinity of 
the A point: pure He* 
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Taste I. The \ temperatures of solutions. 


Concentration ah Temperat ire 
x 
Pure Het 2.182+-0.0005 
3.65+0.2 2.127+ 0.002 
6.0 +0.2 2.096+0.002 
9.2 +0.2 2.045+0.002 


at which the normal fluid density becomes equal to 
the total density. 

Liquids under study are condensed in a glass cell 
surrounded by a bath of liquid He*. Vapor pressures of 
the bath and of the cell liquid are read on manometers 
filled with butyl sebacate, whose density and thermal 
expansion coefficient have been carefully measured in a 
large volume pycnometer. The oil manometer readings 
are expressed in terms of standard mercury level dif- 
ferences, using a conversion factor composed of the oil 
density, the density of mercury at 20°C,? and the 
gravitational accelerations at Los Alamos and at sea 
level. Estimated accuracy of the manometry is +0.2 
mm oil, corresponding to +0.014 mm Hg. Vapor 
pressures are converted to temperatures on the 1948 
“agreed” liquid helium scale.? Bath temperatures are 
stabilized by an electronic regulator of the Sommers 
type,‘ to within 0.1 millidegree in the vicinity of the 
A point. The oscillating system is composed of a fine 
torsion wire suspending a stack of 50 closely spaced Al 
disks centered in the glass cell. The pendulum has a 
period of 5.2680 seconds in vacuo and a period of 6.250 
seconds in He 1 near the \ point. Times of several oscil- 
lations are measured with the aid of an electronic 
chronograph to about 1 millisecond accuracy. Sensi- 
tivity and accuracy of the method are suggested by 
Fig. 1, which shows the behavior of the period in the 
vicinity of the transition, for the case of pure Het. 

When solutions of He* in Het are condensed in the 
cell, molar concentration x= N3/N3+N, (where N;, N, 
are the respective isotopic concentrations) is obtained 
from the measured vapor pressures and interpolation 
of Sommers’® smoothed data. Table I presents the 
transition points of pure He‘ and three solutions. 

We find 38.00+0.05 mm Hg as the vapor pressure of 
pure He‘ at the A point. This value compares with the 
pressures 38.3+0.2 mm quoted by Schmidt and 
Keesom® and 38.10+0.02 mm quoted by Long and 
Meyer.’ On the temperature scale used here, these 
vapor pressures correspond to 2.185°K and 2.183°K, 
respectively. Both of these investigations consisted of 
detecting a vapor pressure difference between a liquid 
helium bath and helium condensed in a cell at the 
bottom of the bath. The disappearance of a detectable 
pressure difference is attributed to the abnormally high 
heat conductivity of He m. This technique appears to 
be less direct than the present method. 
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Fic. 2. Variation of \ point with He’ concentration. 


Numerous theoretical calculations® of the effect of 
He*® on He‘ give predicted slopes d7,‘*’/dx varying 
from —6 to —1.6 degrees/mole fraction in the con- 
centration range of the present study. Our results yield 
a slope of —1.47+0.03 degrees/ mole fraction for small 
x. King and Fairbank’ report a slope of —1.5 degrees 
mole fraction for concentrations up to 4.3 percent. 

The experimental A temperatures are in excellent 
agreement, to within 2 millidegrees, with the function 
T,*)=7,°(1—x)! given by Goldstein.” This simple 
dependence arises from the asymptotic Bose-Einstein 
model, when neglecting the effect of He* on the folal 
liquid density. Our experimental points, together with 
the above empirical law, are shown in Fig. 2. 

The present work is being continued, and will be 
reported in more detail in the future. 

'E. L. Andronikashvilli, J. Phys. (U.S.S.R.) 10, 201 (1946); 
A. C. Hollis-Hallett, Proc Roy. Soc. (London) A210, 404 (1951). 

2 Handbook of Chemistry and Physics (Chemical Rubber Pub- 
lishing Company, Cleveland, 1948), thirtieth edition 

*H. van Dijk and D. Shoenberg, Nature 164, 151 (1949). 

*H. S. Sommers, Jr., Rev. Sci. Instr. 25, 793 (1954). 

5H. S. Sommers, Jr., Phys. Rev. 88, 113 (1952). 

*G. Schmidt and W. H. Keesom, Physica 4, 963 (1937). 

7E. Long and L. Meyer, Phys. Rev. 83, 860 (1951). 

§ J. G. Daunt, Advances in Phys. 1, 209 (1952). 

9 J. C. King and H. A. Fairbank, Phys. Rev. 91, 489 (1953). 

” L. Goldstein, Phys Rev 95, 869 (1954). 





Ferromagnetism in Noble Metal Alloys 
Containing Manganese 


F. A. Orrer, Jr., P. J. FLANpers, AnD E. Kioxnoim 
Laboratories for Research and Development, The Franklin Institute, 
Philadel phia, Pennsylvania 
Received May 16, 1955) 


N the course of investigating the electrical resis- 

tivities and thermopowers of some noble metal 
binary alloys,' it was noted that the resistivity of the 
alloys containing more than about eight atomic percent 
manganese deviated from linearity at low temperatures 
as shown in Fig. 1. Similar behavior has been reported 
by others.? The temperature at which the break in the 
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TABLE I. Ferromagnetic properties of three specimens. 
Alloy T (°K) ses (emu 2) Te (°K) Nett (ga) 
Au+ 18.64 at. % Mn 180 4.78 317 1.3 
Au+13.01 at. % Mn &3 3.88 139 19 
1,33 163 0.25 


Ag+ 14.58 at. % Mn 84 


resistivity occurs increases with increasing manganese 
content. 

Magnetic moment measurements on three of our 
specimens showed that they are ferromagnetic. Since 
other ferromagnetic substances show definite changes 
in the slope of the resistivity »s temperature curves at 
the Curie temperatures,’ one would then suspect that 
all of the noble metal alloys with more than about eight 
atomic percent manganese are ferromagnetic’ with 
Curie temperatures that increase with increasing man- 
ganese content. 

Table I shows the saturation moments at the in- 
dicated temperatures, the Curie temperatures, and the 
approximate number of Bohr magnetons per manganese 
atom based on extrapolations to 0°K. The magnetic 
moment of the Au+ 18.64 atomic percent Mn specimen 
also possessed a paramagnetic component at high fields 
so that the total moment could be written as 


M=o,+xH, 


where 
x=C/(T—®) (Curie-Weiss law). 


If x is mass susceptibility, the values of 9 and C are 
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Fic. 1. Typical resistivity curves for Cu-Mn, 
Ag-Mn, and Au-Mpo alloys. 
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58°K and 1.6510-*, respectively. The coexistence of 
two types of magnetism in the same specimen would 
seem to be consistent with the existence of a partial 
state of order that has been proposed to explain the 
resistivity anomaly around 230°C. We are planning to 
investigate these and other alloys in the same com- 
position range at temperatures in the liquid helium 
range. 

'F. A. Otter, Jr., Phys. Rev. 98, 1552 1955 

2A. L. Norbury and K. Kuwada, ey Mag. 4, 1338 (1927); 
A. N. Gerritson and J. O. Linde, Physica 17, 573 (1951). 

*R. M. Bozorth, Ferromagnetism (D. Van Nostrand Company, 
Inc., New York, 1951), p. 763. 

*F. J. Donahoe, Acta Metallurgia (to be published). 

* Au,sMn was reported ferromagnetic by Roub, Zwicker, and 
Baur, Z. Metallkunde 44, 312 (1953 





Spin Echoes with Four Fulses 


G. J. B. Crawrorp 
Radiation Laboratory, McGill Universit f ontre Canad 
Received May 23, 1955 
ECENTLY, Das and Roy,' in extending previous 
analyses of the spin echo experiments’* to the 
case of four pulses, have drawn attention to an un- 


explained echo (occurring at {= 2r3—72+7;) specially 


characteristic of such a pulse sequence. Figure 1 shows 
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Fic. 1. A typical sequence of four pulses (at 0, r:, 72, and r,) 
and their echoes. The separation between the echoes in any par- 
ticular group of three is 7,. The pulses are all approximately 120°. 


a typical pattern of four pulses and their echoes ob- 
I he ec ho 
spacing suggests that the echo in question arises in the 
action of the fourth pulse (at r; 


tained two years ago in this Laboratory. 


normal manner by the 


on what may be called a “virtual” stimulated echo at 
and a detailed 


after r a the 


T2—7. Vector considerations* analysis 
do in fact make it clear that at 
spin ensemble is oriented as if it had given a signal at 
T:— T; in exactly the same way as the stimulated echo 
The analysis also shows that 


any time 


at re+r; was produced 
this “virtual’’ echo is the one transformed by the fourth 
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pulse into the real signal at 27;—72+71, in accord with 
the “mechanism” outlined in paragraph (e), Sec. III, 
of reference 1. In a similar way, the four “pentanary” 
echoes (in the case of five pulses) are due to the “mirror 
images’’ of the stimulated echoes at r3+71, r3+72—271, 
t3+72—71, and r3+72 about the pulse at rs. 

The use of the stimulated echoes generated by the 
fourth or reading pulse has been suggested‘ as the basis 
of a memory device in which the amplitude, width, and 
spacing of the first three pulses would form the coding 
mechanism. The possibilities of a somewhat simpler 
system have already been explored at Stanford 
University.® 

The author gratefully acknowledges discussions on 
this problem with Professor J. S. Foster and Professor 
J. D. Jackson of this Laboratory. 

1 T. P. Das and D. K. Roy, Phys. Rev. 98, 5 

? E. L. Hahn, Phys. Rev. 80, 580 (1950). 

*T. P. Das and A. K. Saha, Phys. Rev. 93, 749 (1954) 

‘G. J. B. Crawford, Ph.D. thesis, McGill University, 


(unpublished 
§S. Fernbach and W. G. Proctor, J. Appl. Phys. 26, 170 (1955). 
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Effect of Screening on Solute Diffusion* 
F. J. 


University 


BLATI 


Physics Department, if Illinois, Urbana, Illinois 


(Received May 13, 1955 
ECENT experiments'* on the diffusion of cad- 

mium, indium, tin, and antimony into silver have 
shown that the activation energy for diffusion de- 
creases as Z, the valence difference between solute and 
solvent atoms, increases. Lazarus’ proposed an explana- 
tion of these results, invoking the electrostatic inter- 
action between solvent and solute ions in the metallic 
lattice. A critical parameter of his theory is the screen- 
ing radius r, of the screened Coulomb potential used to 
represent the solute ion. Lazarus used a screening radius 
derived from the Fermi-Thomas model and obtained 
good agreement between theory and experiment. Since 
in the Fermi-Thonias approximation r, is independent 
of the valence of the solute atom, the theory predicted 
that H, the activation energy for solute diffusion, is 
given by 


H=H,—H,Z, 


is the activation energy for self-diffusion of 
the solvent, and H, is a function only of the properties 
of the solvent, and not of the solute. 

Now it is well known that in instances, for 
example a calculation of the resistivity of dilute alloys,‘ 
the Fermi-Thomas model gives incorrect numerical 
results. Recently, Friedel has shown® that the Fermi- 
Thomas model is only a first approximation in an 
evaluation of the appropriate screening radius; if this 
parameter is determined by satisfying the quasi self- 
consistent condition that the total screening charge 


where Ho 


some 
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Taste I. Screening radius as a function of valence 
difference for impurities in silver. 
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equal the valence difference (Friedel sum rule), one 
then finds the r, is, for a given solvent metal, also a 
function of Z. 

The correct screening radii for fulfilling the Friedel 
condition have been evaluated for impurities in silver. 
The results are listed in Table I. The form of the po- 
tential, namely (Z/r) exp(—r/r,), was assumed a priori, 
and r, was treated as an adjustable parameter. In Fig. 1 
are shown the activation energies for solute diffusion 
calculated from these screening radii using the formula 
derived by Lazarus, as well as the experimental activa- 
tion energies and those obtained by using the screening 
radius predicted by the Fermi-Thomas model. 

There may be a number of reasons for the discrepancy 
between the calculated and experimental results. The 
theory proposed by Lazarus is admittedly only semi- 
quantitative. Also, the assumption of a screened 
Coulomb potential neglects all effects due to the size 
of the ion core, although this may play a significant role. 

In any case, a significant feature of the results is the 
marked asymmetry of the calculated activation energies 
about the point Z=0. This asymmetry is a consequence 
of the dependence of r, on Z, shown in Table I, which 
gives rise to much larger screening radii for negative 
than for positive Z values. One may, therefore, predict 
from this dependence of r, on Z that the absolute mag- 
nitude of the difference in activation energies for solute 
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Fic. 1. Calculated and experimental activation energies for 
solute diffusion in silver. The straight line results from the use of 
a constant screening radius given by the Fermi-Thomas model. 
The solid points were calculated with the screening radii listed in 
Table I. circles show the experimental results. 
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and self-diffusion should be significantly larger for 
solutes which are electropositive relative to the solvent 
than for the corresponding electronegative solutes. This 
conclusion appears to be confirmed by preliminary 
measurements on the diffusion of ruthenium in silver.‘ 

The author is grateful to Professor D. Lazarus, 
Professor L. Slifkin, and Dr. C. T. Tomizuka for several 
stimulating conversations, and to Dr. S. Machlup for 
his generous help in preparing the numerical work for 
machine computation by the ILLIAC. 

* Supported by the Office of Naval Research. 

1 Sonder, Slifkin, and Tomizuka, Phys. Rev. 93, 970 (1954). 

2C. T. Tomizuka and L. Slifkin, Phys. Rev. 96, 610 (1954). 

*D. Lazarus, Phys. Rev. 93, 973 (1954). 

‘N. F. Mott, Proc. Cambridge Phil. Soc. 32, 281 (1936). 

§ J. Friedel, Advances in Phys. 3, 446 (1954). 

*C. T. Tomizuka (private communication). 





Energy Distribution of Neutrons Scattered 
by Paramagnetic Substances 


B. N. Brockxnouse 
Physics Division, Atomic Energy of Canada Limited, 
Chalk River, Ontario, Canada 
(Received April 26, 1955) 


LOW neutrons, when scattered magnetically by a 
paramagnetic material, undergo an energy change 
which depends on the degree of coupling of the mag- 
netic ions. Van Vleck! has calculated the energy changes 
expected for paramagnetic substances in which the 
coupling arises from exchange forces, In a high-tempera- 
ture approximation he finds that the rms energy change 


(5E) rma= kw! AIT ‘ZS(S+ 1) }}, (1) 


where ky is Boltzmann’s constant, Z is the number of 
interacting neighbors, S is the spin of the ion and A 
is the Weiss constant determined from the measured 
susceptibility by fitting to the Curie Weiss law x=C/ 
(T—A). Van Vleck was not able to obtain a detailed 
energy distribution but a calculation of the fourth 
moment suggested that a Gaussian might be a fair 
approximation. 

By using the apparatus shown in Fig. 1, the energy 
distribution of neutrons scattered by a number of 
paramagnetic substances has been measured. Neutrons 
of wavelength Ao in the region of 1.3 angstroms (energy 
0.05 ev) are selected from the NRX reactor spectrum 
by a crystal (X1). A small fraction (usually about 10 
percent) of the resulting monoenergetic neutrons is 
scattered by the specimen, and the energy distribution 
of those scattered at some particular angle ¢ is examined 
by means of an analzying crystal spectrometer (X2). 
Background is obtained by turning the crystal (X2) 
by an amount such that the Bragg law can no longer 
be satisfied for any neutron energy. This is done auto- 
matically at intervals during a run. A background so 
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’ SPECIMEN 
a 





‘ spectromerer 
’ 


Fic. 1. Schematic diagram of the apparatus. The angle of 
scattering @ can be changed by moving the specimen and the 
spectrometer as indicated 


determined has been subtracted in the results follow- 
ing. The energy distributions are normalized to the 
rate obtained with the counter looking 
directly at the specimen and can be put on an absolute 
basis by comparison with similar measurements on a 
vanadium standard. The scattering by vanadium 
metal, which is almost completely incoherent, consists,?* 
of a widely spreading inelastic component which in- 
creases with angle of scattering and temperature, and a 
truly elastic component which falls off with angle of 
scattering and temperature according to a Debye-Waller 
factor. The shape of this elastic peak is taken to 
represent the resolution function of the instrument at 
the incident energy. A rough intensity calibration has 
been obtained by theoretical considerations* and by 


counting 
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Fic. 2. Differential cross section (barns/4r steradians) of 
MnSQ, and Mn,O, for 1.12 A neutrons at 295°K. The observed 
scattering is composed of magnetic and thermal diffuse scattering, 
the latter being almost zero at zero angle of scattering. Multiple 
and incoherent scattering has been subtracted. The horizontal 
arrows indicate the theoretical magnetic cross sections at zero 
scattering angle for 5 spins and 4 spins. Different symbols indicate 
the results of different experiments. 
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measuring the energy distribution of neutrons scat- 
tered by a thick (~10 mean free paths) paraffin scat- 
terer and assuming them to be Maxwellian. 

Measurements were made on anhydrous specimens 
of MnSO, and Mn,Os3. 

MnSO,.— In this substance the coupling between the 
manganese ions is small as indicated by the Weiss 
constant® of A= —24° and the fact that the transition 
temperature is less than 14°K. The angular distribution 
of the scattered neutrons,® Fig. 2, shows no structure 
which might be attributable to effects of coupling. 

The energy distribution of neutrons scattered with 
the momentum change 4m sin(¢/2)/A»=0.97 Am is 
shown in Fig. 3(a). The points were fitted to the resolu- 
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Fic. 3. Energy distributions of neutrons of wavelength 1.28, A 
after scattering by MnSO, and Mn,0, at an angle of 11°20’. 
Within the accuracy the spectra contain all the scattered neutrons. 
A component of each spectrum is multiply scattered amounting to 
11 percent in the case of MnSO, and 9 percent in the case of 
Mn,O,. The resolution function for the instrument is shown as 
dashed lines. In the case of MnSO, it was fitted to the points by 
area normalization. 


tion function for the instrument by area normalization. 
Within the accuracy, no perceptible energy changes 
occur, in agreement with Eq. (1). 

Mn,0;.—In this substance the coupling between 
manganese ions is appreciable since the transition tem- 
perature’ is 80°K and the Weiss constant* A= — 176°. 
The angular distribution, Fig. 2, possibly shows some 
structure. 

The energy distribution is shown in Fig. 3(b). The 
distribution is asymmetrical by about the amount of a 
Boltzmann factor, exp(—éE/k,T). The half-width of 
the distribution is somewhat greater than that given by 
Eq. (1) (0.0043 ev or 51°K), but by no more than might 
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be expected from the uncertainties in both the theory 
and the experiment. 

Work has been done on a number of other materials 
including MnO, Cr2O3, and ZnFe,O, and is being con- 
tinued with a view to studying the dependence of the 
energy distribution on the temperature, the angle of 
scattering, and the degree of magnetic order. An account 
of this work will be submitted to the Canadian Journal 
of Physics. 

The author is indebted to Dr. D. G. Henshaw for the 
excellent aluminum crystals used in these experiments. 


1 J. H. Van Vieck, Phys. Rev. 55, 924 (1939). 

2J. M. Cassels, Progress in Nuclear Physics (Academic Press, 
Inc., New York, 1950), Vol. 1. 

* Energy distributions of neutrons scattered by vanadium metal 
under several different conditions have been measured by the 
author with results in agreement with the theory. This work is 
being continued with a view to obtaining the frequency distribu- 
tion of the normal modes in vanadium metal. 

‘G. E. Bacon and R. D. Lowde, Acta Cryst. 1, 303 (1948). 

5 de Haas, Schultz, and Koolhass, Chem. Abstracts 34, 2222? 
(1940) ; Physica 7, 57 (1940). 

*See also Shull, Strauser, and Wollan, Phys. Rev. 83, 333 
(1951). 

7E. G. King, J. Am. Chem. Soc. 76, 3289 (1954). 

* Bhatnagar, Cameron, Harbard, Kapur, King, and Prakash, 
J. Chem. Soc. 1433 (1939) 





Annealing Process in Neutron-Irradiated 
LiF 
D. Binper AND W. J. Sturm 


Oak Ridge National Laboratory, Oak Ridge, Tennessee 
(Received May 12, 1955) 


HE previous work' on neutron irradiated LiF 

crystals showed that the lattice expansion was 
caused by equal numbers of vacancies and interstitial 
atoms. It was also shown, by analyzing the annealing 
data for nonuniformly irradiated crystals, that the 
annealing process was of order higher than one. We 
will now derive a more exact order, an activation energy, 
and a jump frequency for the lattice defects causing the 
expansion by analyzing the annealing data for uni- 
formly irradiated crystals. 

As described previously,’ two crystals were covered 
with 0.03 in. of cadmium during irradiation to insure a 
uniform irradiation. The lattice parameter changes as 
derived from density measurements, (Aa/a),, for the 
crystals after irradiation and after 10-minute anneals 


Taste I. The lattice parameter changes after irradiation 
and successive thermal anneals. 


10°( Sa/a)p 
Condition Crystal Cd-3 Crystal Cd-4 
Irradiated 8.02 8.51 
315°C anneal 7.65 8.16 
345 6.64 7.08 
375 4.62 5.18 
410 2.06 one 
425 wie 1.25 
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Fic. 1. Annealing data assuming a second-order process. 


at successively higher temperatures, are summarized in 
Table I. The probable error in (Aa/a), is +1.3X10~, 
and the blank spaces represent anneals not performed. 

Assume that the lattice defects change position by a 
random walk process. Then if we have a single rate 
process with activation energy E for unit motion, the 
probability for taking one step at temperature T varies 
as e~*/*T, and the rate of change of the total defect 
concentration m is 


dn/dt= —cnve~®!*?, 


where c is a constant and y is the order of the reaction. 
The solution of this equation for y>1 may be expressed 
in the form, 


loge{ (noo/n)*~'— (noo/no)™™} 


=loge{ (y—1)moo?ct} —E/kT, (1) 


where oo is the defect concentration for the irradiated 
condition and mp is the concentration for the start of 
each anneal at temperature 7. 

We assume n is proportional to (Aa/a), so that both 
noo/n and noo/mo may be determined from ratios of the 
data in Table I. Since the anneals were performed for a 
fixed time interval, the plot of log,{(moo/n)7 
— (noo/o)7"} versus 1/T should be a straight line for 
the correct order 7, and the slope should determine the 
activation energy. A straight line is obtained for y= 2, 
as shown in Fig. 1, and the slope indicates an activation 
energy of 1.5+0.1 ev. The possibility of y=1 was 
eliminated in reference 1, and the plot for y= 3 is curved 
as shown in Fig. 2. The annealing process is then of the 
second order as expected from the random recombina- 
tion of non-neighboring, isolated vacancies and inter- 
stitials, or Frenkel defects. 

Keating® has suggested that the irradiation-induced 
distortion cannot be due to isolated vacancies and 
interstitials, but to large aggregates of imperfections. 
His data show a lattice expansion only one-tenth as 
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Fic. 2. Annealing data assuming a third-order process 


large as the data of reference 1 for equivalent irradia- 
tions. It is possible that the temperature of irradiation 
was much higher in Keating’s experiment, annealing 
the lattice expansion. 

The jump frequency, or frequency with which the 
defect takes an atomic step, may be estimated from 
The fractional rate of decrease of the defect 
(1/n)(dn/dt), and the number of 
random atomic steps taken before a vacancy meets an 
is 1/n. Therefore, the jump frequency is 


y= — (1/n*)(dn/dt)=ce~*®'**. 


For the temperature 7» at which the left-hand side of 
Eq. (1) is zero, we have 


our data 
concentration is 


interstitial 


c= (1/moot)e®!*7, 


The temperature 7) may be obtained from Fig. 1, but 
noo can only be estimated. We take moo as equal to 
(Aa/a), (for the irradiated condition) within an order 
of magnitude, Then mo~8X10~, t=600 sec, 1/T 
= 1.52 10-*, and the jump frequency is 

v6 10%e-F/*T sec 


' D. Binder and W. J. Sturm, Phys. Rev. 96, 1519 (1954). 
*D. T. Keating, Phys. Rev. 97, &32 (1955) 





Anisotropy of Bremsstrahlung and Pair 
Production in Single Crystals 


F. J. Dyson, /mstitute for Advanced Study, Princeton, New Jersey 
AND 
H. Oseratt, Laboratory of Nuclear Studies, Cornell University, 
Ithaca, New York 
Received May 18, 1955) 


T has been pointed out by Landau! that the Bethe- 
Heitler formulas for bremsstrahlung and pair pro- 
duction will need modification for electrons and photons 
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of energy greater than 10 ev passing through con- 
densed matter. The Bethe-Heitler theory requires that 
charged particle and photon interact coherently over a 
path length of the order of 


L=i{1—(0/c) cos}, (1) 


where \ is the photon wavelength, » the charged par- 
ticle velocity, and @ the angle between the directions 
of charged particle and photon. When the charged 
particle energy E is relativistic, the angles of emission 
will in general be such that 


L~E*/m’. (2) 


Landau observes that multiple Coulomb scattering will 
reduce the longitudinal distance traveled by the 
electron by 


A=KL?/F?, (3) 


over a path length L, where K is the Coulomb scatter- 
ing constant of the material. The Bethe-Heitler theory 
will break down when A>), i.e., when 


KX\E*> m‘. (4) 


In lead, this condition is satisfied for all photons when 
the electron energy reaches 5X 10" ev. 

We here consider a quite different effect of the co- 
herent path-length idea, which should be easily ob- 
servable at energies of the order of 500 Mev, for ex- 
ample with the Cornell synchrotron beam. Suppose an 
electron is incident on a single crystal of lead, at an 
angle a to a line of nearest-neighbor atoms, i.e., at an 
angle (90°—a) to a (110) plane. The spacing of the 
atoms in the line is d=3.5 A. The number of atoms 
included within the path length (2) will be 


N= (\o/d) (E/m)=7X10-*(E/m) (5) 


for photon energy equal to E, and will be greater than 
this for photons of lower energy. Here \o=24XK10—" 
cm is the Compton wavelength. Thus for E=500 Mev, 
N>7 for all photons. Now a large matrix element for 
bremsstrahlung arises when the electron passes through 
an atom within the Thomas-Fermi screening radius 


R=aoZ-*=1.2X 10 cm. (6) 
When the angle a is less than 
ao= (R/ Nd) =137Z-4(m/2rE) =0.3°, (7) 


the effective matrix element will be multiplied by V 
each time such a passage occurs, while the effective 
number of targets will be reduced by a factor NV. 

We expect therefore that the total bremsstrahlung 
intensity will be enhanced by a factor V~7 when the 
electron beam is within 0.3° of a line of nearest neighbor 
atoms. Exact quantum-mechanical calculations are 
being undertaken to confirm the existence of the effect 
and to estimate its magnitude. Even if the crude classi- 
cal argument in this letter is optimistic by a factor of 
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50, the effect should be easily visible. The softer part of 
the bremsstrahlung spectrum should show a more 
intense enhancement over a finer range of angles. 

Calculations have shown that the coherence effect 
disappears when averaged over crystal orientation, to 
a high degree of accuracy. The Bethe-Heitler theory 
therefore remains valid for polycrystalline materials, 
except at very much higher energies when the Landau 
effect becomes important. 

It occurs to us that the bremsstrahlung anisotropy 
might in certain circumstances be a useful adjunct to 
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x-ray crystallography, in determining the structure of 
organic molecules. It would have the advantage of 
giving direct information concerning the angles be- 
tween pairs of atoms in the molecule, without the com- 
plications introduced by Fourier analysis. Of course, an 
experimental test is required to find out whether this 
will be either possible or useful. 

We are indebted to Professor G. Cocconi for some 
helpful conversations. 


11. Landau and I. Pomeranchuk, Doklady Akad. Nauk. 92, 
535 and 735 (1953) 
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MINUTES OF THE 1955 SPRING MEETING HELD aT WASHINGTON, D. 


C., Aprit 28-30, 1955 


(Corresponding to Bulletin of the American Physical Society, Volume 30, No. 3) 


HE 1955 Spring Meeting of the American 
Physical Society was held at Washington, 
D. C., on Thursday, Friday, and Saturday, April 
28-30, 1955. Though neither the time nor the place 
of this meeting deviated from tradition, there were 
three new features which deserve special mention. 
First, the heavy task of administering the meeting 
fell upon a new Chairman of the Local Committee, 
R. D. Huntoon of the National Bureau of Stand- 
ards. He was ably assisted by W. R. Tilley also of 
the Bureau, serving as Secretary of the Local 
Committee, and by the other members of the Com- 
mittee, who were Ralph Alpher (APL), D. F. Bleil 
(NOL), Wayne C. Hall (NRL), R. J. Seeger (NSF), 
and Howard Tatel (DTM), Mrs. L. S. Taylor, 
who served Chairman of the Ladies’ Programme 
Committee, and by nearly one hundred others. We 
must not forget either that Hugh Odishaw, Hun- 
toon’s predecessor, lent the aid afforded by his long 
experience. Warmest thanks to all! 

Second, all of the sessions were held in the 
Sheraton Park Hotel, excepting six in the East 
Building of the National Bureau of Standards and 
one of which there will be further mention. We thus 
attained a degree of compactness not previously 
achieved in Washington since the old days when 
there were not more than three simultaneous ses- 
sions and the Bureau could receive them all. It is 
somewhat astonishing that one hotel could provide 
so many halls, and in spite of the fact that the 
largest hall in the building was not quite ready for 
our sessions. 


Third, we borrowed the Lisner Auditorium of 
George Washington University (and for the gra- 
tuitous use thereof we owe thanks to President 
Marvin of the University) for one of the most 
impressive sessions in the history of the Society— 
a memorial to Enrico Fermi. H. L. Anderson, E. J. 
Konopinski, Emilio Segré, Frederick Seitz, and 
W. H. Zinn gave a series of excellent papers that 
reviewed Fermi’s life and work from the beginning 
to the end of his glorious career. These papers were 
not without allusions to other work that sprang 
directly from Fermi’s own. The Chairman of this 
memorial session, H. A. Bethe, was also its organ- 
izer. Those who did not hear it, and also those who 
did, will welcome the news that these speeches will 
be published in Reviews of Modern Physics. The 
hall with its 1500 seats was full. 

The remaining invited speakers of the meeting 
were chosen, as is the custom, mainly but not al- 
together from the Washington area. Elias Burstein 
selected three in semiconductor physics, and the 
Division of Chemical Physics arranged a Sympo- 
sium. Contributed papers numbered 394, not quite 
up to last year’s total. Registration amounted to 
1832. 

The banquet of the Society was held on Friday 
evening. I should have listed a fourth unprecedented 
feature : this banquet was the very first event in the 
history of the new Main Ballroom of the Sheraton 
Park Hotel, in which Ballroom workmen were still 
putting on the finishing touches less than half-an- 
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hour before the dinner began. The after-dinner 
speakers were John von Neumann and R. W. G. 
Wyckoff. They deserved a larger audience than 
they had. 

The Nominating Committee met on Friday after- 
noon to select candidates for the various offices in 
the Society, terms to begin at the end of the 1956 
Annual Meeting. Their choices were: for the 
Presidency, E. P. Wigner; Vice-Presidency, H. D. 
Smyth ; Treasurership, G. B. Pegram; Secretaryship, 
K. K. Darrow; Managing Editorship, S. A. Goud- 
smit; Council, S. K. Allison, C. D. Anderson, D. M. 
Dennison, N. F. Ramsey; Board of Editors, J. 
Chew, L. H. Fisher, A. Rose, L. 
Spitzer (foregoing with special assignment to The 
Physical Review), E. Segré and J. A. Wheeler 


(special assignment to Reviews of Modern Physic 


Bardeen, G 


Of these, Wigner, Pegram, Darrow, and Goudsmit 
were also nominated from the membership at large. 

Ihe Council met on the Wednesday afternoon 
preceding the meeting. As usual, the main theme of 
its lengthy debate was the unending parlous situa- 
tion of the finances of the Society resulting from the 
the 
manuscripts to The Physical Review. In the Toronto 
Bulletin the Managing a fuller 


account of the outcome than will be given here. For 


unending increase in rate of submission of 


Editor has given 


the record be it mentioned that the page charge 
goes up to $25 and the charge for a Letter to the 
Editor to $25, both changes being put into effect on 
July 1, 1955; and that the membership subscription 
for The Physical Revieu 
and the 
subscription rate to $40, both changes to go into 


rate goes up to $10 in 


addition to dues nonmember domestic 
effect on January 1, 1956. These increases come too 
late to assure us of a balanced budget on 1955 opera- 
tions, and we must invade the 1953 surplus. 

Ihe Council created the posts of Deputy Secre- 
tary and Deputy Treasurer, and appointed to these 


posts W. W. Havens, Jr., and S. L. Quimby, their 
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terms to run until the end of the 1956 Spring 
Meeting. 

The Council elected to Fellowship nine candi- 
dates and to Membership 92 candidates; their names 
are appended. 


Elected to Fellowship: M. K. Brachman, J. N. Cooper, P. H. 
Dike, Herbert Friedman, D. L. Hill, M. L. Merritt, E. C. 
Nelson, G. T. Pelsor, and Richard Tousey. 

Elected to Membership: *Philip W. Alley, Leon Arnell, 
Charles M. Askey, *Anthony Charles L. Barnard, *David M. 
Bernstein, Richard Andrew Bolz, Raymond Bowers, Robert 
D. Brown, Ernst Brun, *Robert Stowe Caldwell, *Robert 
Wilfred Campbell, *Robert Harry Chambers, Robert J. Clark, 
Franklin Steele Coale, Ulric Eugene Dennis, Henry Marshall 
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Errata Pertaining to Papers A6, C2, D4, FA9, K1, K4, KA4, KA7, 
PA6, R6, S7, UA2, X8, XAl, XA3, and ZAI 


A6, by Peter Meyer and J. A. Simpson. In line one instead of 
“Forbush has recently shown that the cosmic-ray intensity in- 
“Forbush 


ray intensity measured by 


creased by ionization chambers has increased” read 


has recently shown that the cosmi 
ionization chambers has increased 
C2, by Jerome Rothstein. In line 
read “tanhat.” 
D4, by H. P. Noyes. In line six instead of “range is negative, 
read “range is 


10 instead of “tankat"’ 


implying at least two bound states of J =4,” 


negative, implying at least one bound state of J = }.” 


FA9, by A. Fafarman and M. H. Shamos. The following 
sentence should be added: “However, the experimental ratio 
is uncertain because of Compton degradation of the oxygen 
2p —1s radiation.” 

K1, by John L. Johnson and William S. Porter. Insert a 
footnote to JLJ : “tNow at Westinghouse Electric Corporation, 
Industrial Atomic Power.” 

K4, by S. A. Cox and R. M. Williamson. In line 10 instead 
of “function for which the channel spin =1" read “function 
calculated for 25 percent of S=1 and 75 percent of S=2." 
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KA4, by George E. Hudson and Alfred Saenger. Instead of 
“boundary conditions 
has been” and instead of ‘‘first acoustic harmonic” read “‘first 
acoustic overtone.” 

KA7, by J. W. Corbett 
(q:)°*8 read (g;)!. 

PA6, by R. M. Williamson and S. A. Cox. In line 15 instead 
of “‘—0.14" read “‘—0.60."" In line 16 instead of ‘‘+0.30” read 
**_0.40.”’ In line 20 delete the word “‘not.” 


has been’’ read “boundary conditions 


ind W. W. Watson. Instead of 


at 2Tac Tae 

R6, by R. K. Smither. Instead of # =1 —- read 6=1+ ~ 
$7, by W. K. H. Panofsky and G. B. Yodh. Instead of ‘The 
results are X,=0.0256+0.0030 and X,=0.0199+0.0022 at"’ 
read “The results are X, =0.0183+0.0010 at pion energies.” 
read 


Instead of “energies of 55 and 75 Mev, respectively” 


“energies near 60 Mev.” Instead of ‘‘The results are consistent 
with either electric-dipole or magnetic-dipole absorption” read 
“The results require a cutoff of the contribution of large 
momentum transfers of the electrons to the process.” 


UA2, by Robert J. Rubin and B. A. Fleishman. Instead of 
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the equation 


3k “0s N ) 
w,® = ——P(1—P) sint—— aan Sl 
8M 2(N+1) | (N+1) (sin"e/(N+1)) 
, 1 
ix sinter /(N+1)] 
read 
» Yi= — = =A at >? tan*— - 
M N+1 2(N+1) 


X8, by Stirling A. Colgate. In line 11 instead of ““N™(pp")a” 
read ““N“(pp’)y.”" In line 12 instead of “N™(pp*)a”’ 
“N¥(pp')y."" 

XAI1, by V. W. Hughes and J. S. Geiger. A footnote should 
be added to the title: ““*This research has been supported in 
part by the Office of Naval Research."’ 


read 


XA3, by Louis Pierce. Instead of “A =106 534.45 Mc, 
B=13 349.10 Mc, C=11 834.14 Mc” read “A =106 534.74 
Mc, B = 13 348.95 Mc, C=11 834.30 Mc.” 

ZAI, by A. S. Wightman and D. Hall. In line 24 the defini 
tion of 8 should read 8 =[(P 12+ Pox)® — mye? otes® IL (Zi2-Z 0)" 


—Z1¢7Z; 5] 
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Cosmic Rays 


Al. Altitude Effect on Cosmic-Ray Fine Structure. Dana 
T. Warren,* Colorado A & M College.—Cosmic ray intensities 
have been measured at zenith-angle intervals of 24° in the four 
principal geomagnetic azimuths at Fort Collins, Colorado. 
This is at the same magnetic latitude as Missouri, where fine 
structure was previously observed, but is at an altitude of 5000 
instead of 1000 feet. The irregularity near the zenith, which is 
azimuthally unsymmetrical in Missouri, appears as a signifi- 
cantly low-zenith reading in all azimuths. However, the 
azimuthally symmetrical irregularities that are so marked in 
Missouri could not be found. The chi-test shows reasonably 
good agreement with parabolas (omitting the zenith reading), 
although the measurements covered both the same zenith- 
angle range and air-path range in which the effects were 
previously found. Combining residuals from the various 
azimuths shows no symmetrical irregularities greater than half 
the size of those in Missouri. Also, less accurate measurements 
in the north and south with 103 g/cm? of lead absorber shows 
one high point at 35°, probably not statistically significant. 
Thus the altitude effect confirms the difference previously 
deduced between these two kinds of fine structure. 


* Now at the University of California Radiation Laboratory, Livermore, 
California. 


A2. Azimuthal Effect for Cosmic-Ray Protons and Alpha 
Particles Using a Cerenkov Counter.* J. R. WINCKLER AND 
L. Peterson, University of Minnesota.—Data has been ob- 
tained with a large Cerenkov telescope containing two five- 
inch diameter end-window photomultipliers. The work is an 
extension of earlier experiments.' These experiments con- 
sistently showed too small an azimuthal effect for agreement 
with the accepted spectrum of primary protons. Alpha 
particles, however, should undergo less atmospheric scattering 
and have a much closer directional correlation with primary 
nuclei following collisions. The telescope was flown at 11 g/cm? 
atmospheric depth at geomagnetic latitude 40° for six hours 
at a 60° zenith angle. The pulse-height distributions in each 
azimuthal sector are compared in an absolute sense with the 
distribution for relativistic particles (sea level mesons). Pre- 
liminary analysis of part of the data shows that a large fraction 
of the singly charged particles at 11 g/cm* are distributed in 
velocity below 8 =1 and are of secondary origin. The results 
for the alpha component will be discussed and compared with 
the proton component and the alpha primary spectrum ob- 
tained in other ways. 

* Supported by the joint program of the Office of Naval Research and 


the U. S. Atomic Energy Commission 
' J. R. Winckler and K. Anderson, Phys. Rev. 93, 596-605 


1954). 

A3. Latitude Effect on the Nucleon and Hard Components 
of Cosmic Rays. D. C. Rose anp J. Katzman, National Re- 
search Council, Canada.—During the summer of 1954 cosmic- 
ray measurements were taken aboard the Canadian Navy 
Icebreaker Labrador during a cruise through the Northwest 
Passage and circumnavigating the North American Continent. 
The apparatus consisted of a neutron monitor or pile of lead 
and paraffin with BF,” neutron counters and a triple coinci- 
dence Geiger-counter telescope with five niches of lead 
shielding. The results show that for the nucleon component the 


knee in the latitude effect is at about 54° north geomagnetic 
latitude. The results for the hard or mesonic component are 
complicated by difficulties in temperature correction but show 
the latitude knee to be somewhat higher in latitude than 
previous measurements. 


A4. Variation of the Position of the Cosmic-Ray Neutron 
Intensity Maximum with Geomagnetic Latitude.* R. K. 
SoperRMAN, A. Betser, AnD S. A. Korrr, New York Uni- 
versity.—It has been experimentally demonstrated that there 
exists a maximum in the cosmic-ray neutron intensity when 
plotted as a function of altitude or pressure. The position of 
this maximum at various geomagnetic latitudes in the northern 
hemisphere has been measured by experiments which used 
balloon borne unshielded BF; counters with various enrich- 
ments of the B" isotope. It has been found that the position of 
the maximum varies approximately parabolically when plotted 
as a function of geomagnetic latitude. The range of variation is 
from about 120 millibars at the equator to about 70 millibars 
at the north geomagnetic pole. The experimental results will be 
compared with theory. 


* Supported by the Office of Naval Research. 


AS. Geomagnetic Albedo at Rocket Altitudes at the Equa- 
tor. H. Griem AND S. F. SinGer, University of Maryland.— 
Cosmic-ray secondaries above the “top” of the atmosphere 
(“albedo”) present an unknown contribution in experiments 
designed to measure the flux of primary protons. The question 
of albedo is of particular importance at the geomagnetic 
equator; it enters into all considerations connected with the 
primary spectrum, in particular the energy balance. At the 
present time our knowledge of the equatorial albedo is sparse: 
itis >35 percent of the total flux at 45° zenith angle and made 
up mainly of minimum ionizing particles.’ In attacking the 
albedo problem theoretically, we note that at the equator the 
magnetic field confines charged secondaries to the altitude 
region in which they are produced. Depending on altitude and 
range they can make many loops between production and 
absorption, thus enhancing their contribution to the counting 
rate. This process has been studied in detail for protons and 
electrons of various energies, and their relative contribution to 
the albedo is discussed. 


'S. F. Singer, Phys. Rev. 80, 47 (1950). 


A6. Changes in the Low-Energy Primary Spectrum and the 
Low-Energy Particle Cutoff of Cosmic Radiations. PETER 
MEYER AND J. A. Simpson, The University of Chicago.—The 
solar magnetic dipole field can no longer be invoked to account 
for the low-energy particle cutoff in the primary spectrum. 
Neutron detectors in high-altitude aircraft were used to 
measure changes in the cut-off particle rigidity and total 
intensity in 1948, 1951, and 1954. It was observed between 
1948 and 1951 that the cut-off rigidity decreased to permit 
particles not present in the 1948 spectrum to reach the earth. 
Furthermore, the total primary particle intensity was ob- 
served to increase in such a way as to increase the exponent of 
the assumed power law spectrum at low-particle rigidities. 
There is evidence that the phenomenon is not of terrestrial 
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origin. Forbush has recently shown that the cosmic-ray 
intensity increased by ionization chambers has increased be- 
tween 1947 and 1950, and that this change appears to be 
associated with the cycle of solar activity. If both changes are 
due to the same process then the low-energy particle cutoff is 
a property of the solar system. 


A7. Energy Spectrum of Medium and Heavy Primaries at 
4=61°.* J. E. NauGie, P. S. Freier, anv E. P. Ney, Uni- 
versity of Minnesota.—A stack of 83 emulsions was flown at a 
geomagnetic latitude of 61° (Saskatoon, Canada) for the 
purpose of detecting and stopping medium- and heavy- 
primary nuclei. The stack was kept at an altitude of 10.8+0.6 
grams/cm? for 7.15 hours. The stack was flown upside down 
during ascent so that particles which stopped during ascent 
could be eliminated. The outside of the stack has been scanned 
for particles with 7/J min > 25 as measured by delta rays. 
Particles with J/J min > 30 and with a possible range in the 
stack of 2 19.6 grams/cm? of emulsion are being followed until 
they interact, leave the stack, or end; 210 particles have been 
followed, of which 85 have ended in the stack. The charge of 
the ending particles is being measured by delta-ray densities os 
range and by a densitometer measurement of the width and 
opacity of the end of the track. The two methods agree to 
within about +0.5 unit of Z. A preliminary energy spectrum 
in the region from 180 to 620 Mev/nucleon will be presented. 
The charge distribution in the same energy interval will also be 
presented. 

* Supported in part by the joint program of the U. S. Atomic Energy 


Commission and the of Naval Research and by a grant from the 
Graduate School of the University of Minnesota. 


A8. High-Energy Nucleonic Component in the Atmos- 
phere.* L. Attman, H. S. BripGe, anp R. W. WILLIAMs, 
M.I.T.—An experiment on high-energy cosmic-ray nucleons 
in the atmosphere has been performed at mountain altitudes 
using a large double ionization chamber which provides a 
measure of the energy of x® mesons created in nuclear inter- 
actions. The interactions considered were initiated by nucleons 
(or pions) in an energy range of 200 to 2000 Bev. Preliminary 
analysis yields the following: absorption mean free path in air 
(corrected for Gross transformation), approximately 105 
g/cm?; integral frequency spectrum (deduced from the energy 
of x's), ~E- 4. There is an increasing degree of association 
between the nucleonic and electronic components of the 
cosmic radiation at the higher energies. 


* Supported in part by a joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 


A9. Rocket Observations on Soft Radiation at Northern 
Latitudes.* F. B. McDonatp, R. A. Exuis, anp M. B. 
Gorties, State University of Iowa.—A combination Geiger 
counter and crystal scintillation counter telescope has been 
developed for rocket use to study the properties of a new soft 
radiation observed recently at high altitudes in northern 
latitudes.’ The crystal (Na-I-Th activated) is mounted be- 
low a single thin-walled Geiger counter in the nose of the 
rocket. The Geiger counter gates the output of the photo- 
multiplier so that the pulse height distribution of particles 
traversing the Geiger counter and entering the crystal is 
obtained. In addition the counting rate of the Geiger counter is 
scaled and telemetered. Three successful flights were made 
with this apparatus at a geomagnetic latitude of 70°N in July, 
1954 using the Iowa balloon-launched rocket technique. Two 
flights gave anomalously high single Geiger-counter counting 
rates above 220000 ft. The telescope rate did not show a 
significant increase—a result which is consistent with the 
observed atmospheric absorption of the soft radiation, in view 
of the additional material between Geiger counter and crystal. 
Complete data from the three flights will be shown and dis- 


609 


cussed, and measurements of the vertical cosmic-ray flux as a 
function of altitude will be given. 


* Assisted by the Office of Naval Research and the U. S. Atomic Energy 
! Meredith, Gottlieb, and Van Allen, Phys. Rev. 97, 201 (1955). 


Al0. Double Geiger-Tube Study of Soft Radiation at 
Northern Latitude.* J. A. Ettis, M. B. Gorriies, anp L. H. 
MEREDITH, State University of Iowa.—The soft radiation 
previously detected above 50 km in northern latitudes,' with a 
thin-walled Geiger tube carried in a balloon-launched Deacon 
rocket was studied further in July, 1954 using two nearly 
identical Geiger tubes and a photoelectric rocket-orientation 
indicator. One Geiger tube was shielded only by its 30 mg/cm* 
skin and the 160 mg/cm? wall of the rocket, and by varying 
amounts of atmosphere. The other Geiger tube was surrounded 
by an additional absorber of thickness 150 mg/cm*. Two 
successful flights were made and the effect was detected in the 
second flight. After subtracting the cosmic-ray background, 
the ratio of counting rate for the tube without the absorber to 
counting rate for the tube with the absorber was about 3 for 
the upper part of the flight (90 to 100 km) and was about 2 
around 50 km where the soft radiation was first encountered. 

* Assisted by the Office of Naval Research and the U. S. Atomic Energy 


Commission. 
1 Meredith, Gottlieb, and Van Allen, Phys. Rev. 97, 201 (1955). 


All. High-Altitude Rocket Measurements with Scintilla- 
tion Counters at Northern Latitudes.* Rosert A. ELLs, 
State University of Iowa and Tennessee A. and I. State Uni- 
versity.—Two rocket flights of Na I scintillation crystals to 
about 90 km altitude were made at geomagnetic latitude 70°N 
in July, 1954. The crystals were flat cylinders 3.18 cm diameter 
and 1.0 cm thick. The counting rate of pulses larger than 1 Mev 
yields a value of charged particle intensity in agreement with 
previous Geiger counter results, i.e. J~0.5 (cm? sec sterad)~. 
Detailed results and the interpretation of smaller pulses will be 
presented. 


* Assisted by the Office of Naval Research and the U. S. Atomic Energy 
Commission. 


Al2. Interpretation of Soft Radiation Observed at High 
Altitudes in Northern Latitudes. J. A. VAN ALLEN, State 
University of Iowa.—The previously reported soft radiation has 
been further studied as reported in accompanying papers. The 
probability of occurrence was about 0.5 during July, 1954 at 
i=70°. Absorption mean free path is of the order of 180 
mg/cm? in aluminum and 220 mg/cm!* in the atmosphere. 
Discussion of alternative interpretations in terms of gamma 
rays of energy about 20 kev, electrons of energy about 1 Mev, 
or protons of energy about 15 Mev will be presented. 


Al3. Identification of Cosmic-Ray Shower Particles in 
Emulsions. A. Husarn, C. J. D. Jarvis,* anp E. Pickup, 
National Research Council, Canada.—An experiment is in 
progress to identify medium energy particles (p>B~50 Mev —1 
Bev) emitted in cosmic-ray stars formed at high altitudes in 
Ilford G5 emulsions, by means of grain counting and scat- 
tering. Pions, K-mesons (mass ~950m,), protons, hyperons, 
and deuterons have been identified, and there is some indica- 
tion of particles with a mass intermediate between that of the 
950-m, group and the proton group. The most recent results 
will be reported. 


* National Research Laboratory Postdoctorate Fellow. 


Al4. Experimental Results on the Arrival Times and 
Lateral Distribution of Air-Shower Particles.* G. CLARK, 
M.1.T.—The experiments on the distribution of arrival times 
of air shower particles described by Bassi, Clark, and Rossi’ 
have been extended using improved apparatus for which the 
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standard deviation in the determination of the difference of 
arrival times of two particles at two counters is 3 X 10~* second. 
From new data we find that the flux of “‘first’’ electrons in 
showers with sizes near 10* particles can be represented by the 
oA), 1<0 

function f({)~e~"’, t>0, where r = (741) K10~ second. The 
mean arrival time of “‘first’’ particles which penetrate 15 cm of 
lead does not differ from the mean arrival time of “first” 
electrons by more than 5 10~* second. A lower limit on the 
average radius of curvature of the shower fronts is 400 m. The 
projected zenith angle distribution can be fitted by the func- 
tion [(0) = I.(cosd)"*". An array of eight large-area electron- 
density detectors was operated in coincidence with the timing 
array for part of the time. We will present data on the lateral 
distribution and density fluctuations of electrons in individual 
showers. 

* This work was supported in part by the joint program of the Office of 


Naval Research and the | Atomic Energy Commission. 
' Bassi, Clark, and Rossi, Phys. Rev. 92, 441 (1953) 


SESSIONS A AND B 


Al5. Positive Excess of High-Energy » Mesons.* Ropert 
B. Brope aNnpD Marvin J. Weer, University of California, 
Berkeley.—With counter spacing of 4 meters and an iron block 
1.35 meters thick with a magnetic induction of 1.8 webers per 
square meter, it is possible to resolve the u-meson spectrum 
into bands between 55 and 14 Bev, mean energy 24 Bev and 14 
and 4 Bev mean energy 9.2 Bev. The ratio of positive to nega- 
tive u mesons is 1.30+0.02 for the band with mean energy of 24 
Bey and 1.31+0.02 for the band with a mean energy of 9.2 
Bev. These values are higher ti:an the measurements reported 
by Owen and Wilson and by Filosofo et al. The counting ratio 
in each of the energy intervals is of the order of 100 per day. 
Within the precision of the existing measurements the ratio of 
positive to negative ~ mesons appears to be constant at 
energies above two billion volts. The decrease in this ratio 
below two billion can be explained by the production of « 
mesons by secondary neutrons. 


* Assisted by the joint program of the Office of Naval Research and the 
U. S. Atomic Energy Commission. 
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Neutron Physics, I 


Bl. Radiation Widths in the Slow Neutron Resonances of 
Iridium.* H. H. Lanpon, Brookhaven National Laboratory.— 
The parameters in the lowest-energy resonances in iridium 
have been determined from total cross-section measurements, 
using the Brookhaven crystal spectrometer. Preliminary re- 
sults give the radiation width of the 0.654-ev resonance as 
Activation measurements indicate that this reso- 
nance is most probably in Ir. The radiation width of the 
1.305-ev resonance is 86+3 mv. Activation at this resonance 
confirms the previous assignment by Goldhaber et al.' to Ir™. 
Results for the 5.36-ev resonance, and the remaining one-level 


7545 my 


parameters for each resonance will be presented 


* Research performed under contract with the U. S. Atomic Energy 


Commission 

t Goldhaber, Lowry, and Sunyar, BNL-C-9, 96 (unclassified) (1949 

B2. Total Neutron Cross Section of Rhenium.* G. Ico, 
Brookhaven National Laboratory.—The resonances in rhenium 
at neutron energies between 1 and 14 ev have been studied 
with the BNL Crystal Spectrometer. The total cross-section 
data have been analyzed to determine the radiation width and 
peak cross-section parameters of the strong resonance at 2.157 
ev. The method of analysis used to take account of Doppler 
effect and the effect of a finite resolution will be presented. The 
The radiation 


The previously 


limits of error of these results will be discussed 
width of the 2.157-ev 
observed radiation widths, when plotted as a 
atomic weight, show a minimum of approximately 50 Mev at 
A180, 


resonance is 49 mv 
function ol 


* Research performed under contract with the U. S. Atomic Energy 


Commission. 


B3. Slow Neutron Resonance Scattering in Indium.* J. 
Moore, Brookhaven National Laboratory and Columbia Uni- 
versity.—The technique of using “thick-thin"’ target geometry 
has been employed to study the scattering spectrum of indium 
below 10 ev. The levels at 1.458 ev, 3.85 ev, and 8.85 ev were 
clearly observed. Scattering from the level at 1.458 ev has been 
observed previously.** The values of T./T and ¢, can be 
determined for all the levels with an accuracy of about 15 


percent from these data and ooI* obtained from total cross- 
section measurements.* A complete analysis is being worked 
out assuming independent Breit-Wigner levels and correcting 
each level for the presence of the others by using a method of 
successive approximations. An attempt is being made to make 
spin assignments. 

* Research performed under the auspices of the U. S. Atomic Energy 
Commission. 

' H. L, Foote, Jr. and J. Moore, Bull. Am. Phys. Soc. 30, No. 1, 22 (1955). 

* B. N. Brockhouse, Can. J. Phys. 21, 448 (1953). 


+L. B. Borst, Phys. Rev. 90, 859 (1953). 
‘V. L. Sailor and L. B. Borst, Phys. Rev. 87, 161 (1952). 


B4. Total Neutron Cross Sections of Na, K, and Rb, in 
the 0.03- to 10-ev Region.* E. G. Jox1, L. G. MILLer, AND 
J. E. Evans, Phillips Petroleum Company.—Transmission 
measurements have been made with the MTR-crystal spec- 
trometer on Na, K, and Rb metal samples,’ 8.73 cm (8.48 
g/cm*), 30.0 cm (26.1 g/cm*), and 5.04 cm, respectively. The 
free-atom scattering cross sections, as determined from these 
data, are 3.2+0.1 b for Na and 2.04+0.1 b for K. The Rb data 
are to be corrected for a 5-weight percent Cs contamination in 
the sample. 

_* Work performed under the auspices of the U. S. Atomic Energy 
Commission. 

1 We are indebted to Dr. W. K. Ergen of the Oak Ridge National Labora- 

tory for supplying the samples 


BS. Resonance Parameters in Ta.* F. B. Simpson, R. G. 
FLunarty, AnD O. D. Simpson, Phillips Petroleam Company. 

~In a continuation of the Ta studies at the MTR,! fast 
chopper transmission measurements have been used to de- 
termine parameters above 10 ev. New levels have been found 
at 23 and 36 ev. Sets of Breit-Wigner level parameters have 
been determined on five levels, and fairly constant values of 
Ir’, are observed. The values of [, have been determined for 
other levels, and the ratio (1./D will be discussed. From a 
combination of crystal and fast chopper spectrometer data, the 


resonance absorption integral has been calculated. 
* Work performed under the auspices of the U. S. Atomic Energy 
Commission. 
' Evans, Joki, and Smith, Phys. Rev. (to be published). 
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B6. Total Neutron Cross Section of Np-237 in the 0.02- to 
3-ev Region.* M. S. Smirn, R. R. Smiru, E. G, Joki, AND 
J. E. Evans, Phillips Petroleum Company.—Previous MTR 
crystal-spectrometer measurements,' which provided evidence 
for the existence of a second natural Ta isotope, have demon- 
strated the feasibility of total cross-section measurements on 
samples with macroscopic cross sections as small as 0.04 cm’. 
When a 154-mg sample of Np became available, transmission 
measurements were made in the 0.92- to 3-ev region. The Np 
sample was a 0.5-cm* solution of the nitrate in D,O. A special 
elevator-type sample changer provided for precise location of 
the sample in a Bragg beam 0.35 cm*. Prominent resonances 
were found at 0.489, 1.34, and 1.49 ev. The Breit-Wigner 
parameters for the first resonance are Ep =0.489+0.005 ev, 
oo = 2600 b, F' =0.032 +0.003 ev, and gl’, =0.016 mv. Values of 
ool’ for the 1.34- and 1.49-ev resonances are ~29 and ~140 
ev-b, respectively. 

* Work performed under the auspices of the U. S. Atomic Energy 
Commission. 

1 Evans, Joki, and Smith, Phys. Rev. (to be published). 


2 We are grateful to Dr. Walimann of the University of California Radia- 
tion Laboratory for providing the Np sample. 


B7. Analysis of Low-Energy Neutron-Resonance Cross 
Sections.* B. MARGo.Is, O. Kororp-HANSEN, AND E. NAGEL, 
Columbia University—A neutron cross section formula is 
derived using the Wigner-Eisenbud' procedure with the 
following assumptions: (1) an average level spacing can be 
used, (2) the square roots of the products of the reduced 
neutron and radiation widths have alternating signs in order to 
approximate a random sign distribution, and (3) for energies 
near any level, the contribution from other levels is represent- 
able by average level widths. Estimates of the deviations from 
the one level Breit-Wigner formula in the wings of the reso- 
nances are obtained. Comparison with experimental data will 
be made. 


* This work partially supported by the U. S. Atomic Energy Commission. 
1 E. P. Wigner and L, Eisenbud, Phys. Rev. 72, 29 (1947). 


B8. Recent Developments in the Analysis of Neutron 
Resonances and Results of Fast Chopper Measurements on 
Tantalum.* V. E. Piccuer, D. J. HuGHes, ann J. A. Harvey, 
Brookhaven National Laboratory.—The area method for the 
determination of resonance parameters has proved to be very 
useful for the analysis of neutron resonances in the ev region. 
However, for cases in which the samples used are neither very 
thick (mao>1) nor very thin (ne 91), the usual method of 
obtaining the parameters from the area requires an excessive 
amount of computation.' In order to facilitate the rapid 
analysis of data from a large number of resonances, we have 
calculated a set of universal curves relating the areas of 
transmission dips to resonance parameters for various values of 
Doppler broadening. With the aid of these curves, resonance 
parameters may be determined from the measured area above 
a transmission dip in a small fraction of the time required by 
the older methods. It is also a simple matter to determine the 
uncertainty in the parameters arising from various experi- 
mental errors. The application of the new procedure to the 
analysis of Brookhaven fast chopper measurements on 
tantalum will be discussed. In tantalum, 20 resonances were 
observed up to 130 ev. The average level spacing per spin 
state, D, is 9 ev (based on the first 10 levels) and the average 
r,’/D is (1.8+0.3) X10~4. 

bs Work carried out under contract with the U. S. Atomic Energy Com- 
mission. 


1 Seidl, Hughes, Palevsky, Levin, Kato, and Sjéstrand, Phys. Rev. 95, 
476 (1954). 

B9. Fast Chopper Measurements of Radiation Widths.* 
A. SToLovy ANpD J. A. Harvey, Brookhaven National Labora- 
tory.—Further investigations have been made of the radiation 


widths of nuclear energy levels for isotopes in the regions of the 
neutron-magic numbers using the Brookhaven fast chopper. 
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Neutron transmission measurements were made on low-energy 
resonances in the following isotopes: Sr*’, Sb™, Sb'™, Ba", 
La™, Nd‘, and Pt'®*. The resonances were analyzed to obtain 
the Breit-Wigner level parameters. Good measurements of 
radiation widths were possible only when radiative neutron 
capture predominated over neutron scattering. The fluctua- 
tions in the measured radiation widths are not large, and they 
can be correlated with the shell model through the dependence 
of the radiation width on the excitation energy and the level 
spacing. The essential features of this dependence seem to be 
given by the modified single-particle transition theory of Blatt 
and Weisskopf, using their level density formula, Evidence 
from this investigation also indicates that the radiation - 
emitted by excited nuclei is primarily electric dipole radiation. 

* Work carried out under contract with the U. S. Atomic Energy Com- 


mission. 
! J. S. Levin and D. J. Hughes, Bull. Am. Phys. Soc. 30, No. 1, 22 (1955). 


B10. Energy Distribution of Cold Neutrons Scattered by 
Lattice Vibrations.* R. S. Carrer, D. J. HuGues, anp H. 
PaLeEvsky, Brookhaven National Laboratory.—Both x-rays and 
neutrons can be used to investigate the fundamental problem 
of the spectrum of the lattice vibrations of a crystal. Neutrons 
offer a more direct method of attacking the problem because 
they are available with energies comparable to those of the 
lattice vibrations making it possible to measure directly the 
energy changes resulting from the neutron interacting with the 
lattice. The energy distribution of the neutrons scattered 
inelastically by a crystal is almost completely dependent on the 
lattice vibrations of the crystal if the energy of the incident 
neutrons is small compared to the energy of the scattered 
neutrons. A filtered beam of neutrons has been obtained from 
the Brookhaven reactor with wavelengths greater than 4.5 A 
and a flux of about 10* neutrons/cm*-sec over an area of 7 
square inches. Preliminary results have been obtained on 
beryllium and vanadium by analyzing the scattered neutrons 
by the gold-absorption method. The major fraction of the 
neutrons scattered from Be is found to have wavelengths of 
about 1.5 A in agreement with simple theoretical arguments. 
Higher energy components were also observed. The scattering 
of neutrons from vanadium is almost completely incoherent 
elastic scattering and, as expected, the major part of the 
scattered neutrons exhibited the same energy as the incident 
neutrons. 


* Work carried out under contract with the U. S. Atomic Energy Com- 
mission. 


B11. Inelastic Scattering of Cold Neutrons by the Lattice 
Vibrations of Crystalline Solids.* H. PaLevsxy, D. ]. Hucues, 
AND R. L. ZimmMeRMAN, Brookhaven National Laboratory.—F or 
neutrons of wavelengths longer than twice the largest lattice 
spacing of a crystalline sample, the Bragg condition is satisfied 
only in the forward direction. The measured cross section in a 
transmission experiment arises from the nuclear absorption, 
inelastic scattering from the lattice vibrations of the solid and 
incoherent elastic scattering. By choosing substances having 
small nuclear absorption and investigating the variation of the 
total cross section with sample temperature and neutron 
wavelength it is possible experimentally to determine the 
inelastic scattering with good accuracy. Such investigations 
have been carried out with the Brookhaven slow chopper for 
the past several years, using samples of Be, C, Mg, Al, Fe, Cu, 
Zr, Pb, and Bi. These have simple crystal structure and cover 
a wide range of masses and Debye temperatures. Typical 
sample temperatures varied from 100° to 1000°K and the 
energies of the incident neutrons corresponded to temperatures 
between 2.5° to 60°K. The exact theoretical calculations (as- 
suming a Debye frequency spectrum) for these interactions is 
very involved, and a number of papers have been published 
dealing with approximation methods. The agreement of ex- 
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periment and theory for a few elements is good, but for most of 
the samples investigated the agreement with theory is poor. 


* Work carried out under contract with the U.S. Atomic Energy Com- 


mission. 


B12. Neutron Velocity Distribution in an Infinite Scattering 
Medium with Finite Absorption.* Joun W. Niestuiz, Jr., 
AND Artuur I. Berman, Pratt & Whitney Aircraft.—The 
hardening of the neutron spectrum with respect to the 
Maxwellian distribution has been calcu‘ated' for a medium of 
constant scattering cross section in which small amounts of 
material of high absorption cross section (varying inversely 
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with velocity) are introduced. Scattering probabilities derived 
by Wigner and Wilkins* for monatomic media whose atoms are 
in classical motion were used in the formulation. The integral 
neutron conservation equation, obtained by cutting off the 
distribution at an arbitrary high velocity, and introducing a 
source of neutrons degraded from a high velocity constant flux, 
was solved by an iterative method with an IBM 701 computer. 


* Work carried out under contract with the U. S. Atomic Energy Com- 
mission. 

+ An independent solutica was recently obtained by H. D. Brown and 
D. S. St. John (sapublishet). The problem is being solved using a Monte 
Carlo .echnique by ton and R. Coveyou. 

*E. P. Wigner and J. <= Wilkins, Jr., Atomic Energy Commission Docu- 
ment 2275. 
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BAI. Hyperfine Structure in the Paramagnetic Resonances 
in Solutions of Manganous Salts. Josern E. Geusic anp 
DupLey WILLiaMs, Ohio State University.*-—Studies of para- 
magnetic resonance absorption by the Mn** ion in solutions of 
manganese salts have revealed well resolved hyperfine struc- 
ture. The observed line pattern is predicted by the expression, 


Wale/¢~An4 Se +1) M?4M(2M—1)}, 
in which the symbols have their usual meaning. The value for 
the hyperfine splitting parameter A =95.341.0 gauss is in 
agreement with the value previously obtained by Tinkham, 
Weinstein, and Kip' but in disagreement with the value re- 
ported by Schneider and England.? The variation of line width 
with concentration will be discussed. 


* Supported by a contract with ( Air Research 
and Development Command, U 

' Tinkham, Weinstein, and Kip, Phys. Rev. 84, 848 
a 17, 221 (i951) 


Iffice of Scientific Research, 
A. F. 


1951). 
* Schneider and England, Physi 


BA2. Paramagnetic Resonance of Irradiated Hydrogen 
Sulfide and Hydrazine Chloride at Liquid Air Temperature.* 
WiiuiaM B. Arp, JR., AND WALTER Gorpy, Duke University 
The paramagnetic resonance of solid H,S and D,S has been 
observed at 8900 Mc after irradiation by x-rays at 77°K. A 
resolved hyperfine structure is observed. A doublet with a 
separation of 28 gauss is found at g value 2.00 and seems to be 
independent of crystal orientation and isotopic substitution. 
Other lines with g values larger than 2 vary with crystal 
orientation. The doublet is tentatively interpreted as arising 
from the StH radical in a "2, state. Resonance has also been 
found in irradiated N,H¢Cly. This resonance shows a hyperfine 
structure which has been observed over a range of about 430 
gauss. A weak line, which seems to be independent of crystal 
orientation, is found at a field 250 gauss lower than the free 
electron value. It may be the lower component of the atomic 
hydrogen doublet. Resonances were also observed in irradiated 
N,H, and H,Se 


* Work supported by the Office of Ordnance Research. 


BA3. Nuclear Spin of Rb**—Method of Measurement.* 
J]. P. Hosson,f J. C. Husss, W. A. Nrerenpere, anv H. B. 
Srissee, University of California.—The zero moment method 
of atomic beams was applied to the measurement of the nuclear 
spin, magnetic moment, and hyperfine splitting of Rb™ (4.7 
hours). The isotope was produced by a-bombardment of BaBr, 


in the 60-inch cyclotron. About 70 millicuries of Rb™ were 
produced, and were chemically extracted with 5 mg of normal 
RbBr as carrier. A beam of Rb was produced from the reaction 
Ca+2RbBr-—-CaBr.+2Rb. A specially designed oven loader 
inserted the channeled oven from air to its position under high 
vacuum in three minutes. The beam after passing a con- 
ventional single magnet and detector slit fell on either a hot 
wire detector or on a sulfur button which could be extracted 
from vacuum in a few seconds to be counted. The x-rays from 
2 kev to 60 kev resulting from K-capture decay of Rb™ were 
counted in a NaI —TII scintillation counter with a very small 
crystal 


* Research supported by the Office of Naval Research. 
t Now at National Research Council, Ottawa, Canada. 


BA4. Spin and Magnetic Moment of (4.7-Hour) Ru- 
bidium-81.* J}. C. Husss,t J. P Hopson, W. A. NIERENBERG, 
AND H. B. Sm_spee, University of California, Berkeley.—The 
spin and hyperfine splitting of neutron-deficient Rb™ have 
been determined to be § and 5000+150 megacycles by the 
zero-moment method of atomic beams. From the hfs, spin, 
and magnetic moment of other rubidium isotopes and these 
values, the nuclear magnetic moment of Rb™ is deduced to be 
2.00+0.06 nuclear magnetons. The isotope was identified 
from its chemistry and from its half-life and decay scheme. A 
study of the angular distribution of material emitted from 
highly channeled ovens has shown substantial agreement be- 
tween experiment and the theory of Silsbee’ for the fraction 
per unit solid angle of atoms emitted in the forward direction. 
The collection of ions and atoms on various surfaces has been 
investigated by tracer techniques. Sulfur is found to retain 
substantially all incident thermal rubidium atoms. 

* Research supported by the Office of Naval Research. 

t —— Science Foundation Predoctoral Fellow: now at Columbia 


U niversit 
'H. B. "Gilsbee, Ph.D. thesis, Harvard University, 1950. 


BAS. Fine Structure of Singly Ionized Helium.* Ropert 
Novick, EpGar Lirpwortu, anp Pau. F. Yeroin,t Columbia 
University.—The energy difference (3) between the 2*S, and 
2*P, states of ionized helium has been measured by a pulse 
technique described by Yergin et al.! As a result of an im- 
provement in the detection efficiency, the signal-to-noise ratio 
has been increased by a factor of ten. In addition a study has 
been made of the various phenomena that determine the shape 
of the resonance curve. As a result of this study a number of 
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small corrections to the observed resonance center have been 
discovered and evaluated. The present value of 3 for He* is 
14043413 Mc/sec. The stated uncertainty is equal to three 
times the standard deviation plus an estimated 2 Mc/sec for 
the uncertainty in the systematic corrections. This result is 
consistent with the previous results"? and is in good agreement 
with the present theoretical value of 14 047.3+2.6 Mc/sec. 
The relation of the present results to those obtained in 
hydrogen and deuterium will be discussed. Further measure- 
ments of 8 in He* are in progress. 

* Work supported jointly by, 4 Sot Corps, the Office of Naval Re- 
search and the Air Research and d, and the National 
Science Foundation. 


t Present —— University of Pennsylvania. 
oe gs Lipworth, and Novick, Phys. Rev. 90, ith (1953). 
2W. E. Lamb Dir 


and M. Skinner, Phys. Rev. 78, 539 (19: 

BA6. Hyperfine Structure of Gallium Isotopes in the 
Ground State. A. Lurio anp A. G. Propet, Columbia 
University.—The hyperfine structure of the *P, state of both 
Ga® and Ga™ have been measured by the atomic beam 
magnetic resonance method. The measured values are, 
Av® = 2677.9875 +0.0010 mc/sec and Av” = 3402.6946 +0.0013 
mc/sec. The ratio of the measured Av's equals the ratio of the 
magnetic interaction constants a within experimental errors. 
Both the *P, and the *Py' states may be characterized by a 
hyperfine structure anomaly constant, A= (u"/p®—a™/a®) 
X (u®/u™). We find that the differential constant = Ay— Ay 
=31.5+2.4X10-*. The values of 5 predicted by Bohr and 
Weisskopf' from a consideration of the magnetic effect of the 
penetration of the electron into the nucleus is 13 10~* (odd 
particle in nucleus model). The difference between the experi- 
mental and theoretical value of 5 may arise from the finite 
distribution of the coulomb charge within the nucleus or from 
other effects. The hyperfine structure of the metastable *Py 
states of Ga® and Ga™ were also remeasured in view of the 
discrepancy between the results of Daly and Holloway* and 
those of Kusch and Becker.’ Our results agree with those of 
Daly and Holloway within our present experimental error of 
+3 ke. 

! Bohr and Weisskopf, Phys. Rev. 77, 94-98 (1950). 


* Daly and Holloway, Phys. Rev. 96, 539-540 (1954). 
* Kusch and Becker, Phys. Rev. 73, 584-91 (1948). 





BA7. Nuclear Spins and Hyperfine Separations of Au'”* 
and Au'*.* J. B. Reynortps, R. L. Caristensen,t D. R. 
HamiLton, A. Lemonick,{ F. M. Prpxtn,§ anp H. H. Stroke, 
Princeton University.—The Princeton focusing atomic beam 
apparatus' has been used to measure the spin of Au*® (2.7 
days) and the spin and hyperfine separation, Av, of Au'® (3.2 
days). The value of H in the transition field was determined by 
a K*® resonance; resonances at several values of H were 
observed for each gold isotope. We obtain J=§ for Au™, in 
agreement with the dy proton prediction of the shell model. 
The spin of Au" is 2, in agreement with Nordheim’s “weak” 
rule applied to a dy proton and a ~; neutron. Av for Au™ is 
10 850+150 mc/sec. Avy for Au™® is greater than 14000 
mc/sec. Further measurements are being made to determine 
Av for Au™* as well as the signs of both magnetic moments. 

* Work supported by the U. S. Atomic Energy Commission and The 
Higgins Scientific Trust Fund. 

hiton Fellow 
Now at Haverford College. 


Now at Harvard University. 
! Lemonick and Pipkin, Phys. Rev. 95, 1356 (1954). 


BA8. Nuclear Resonance Fluorescence in Ge’ and Pr'*!,* 
Franz R. Merzcer, Bartol Research Foundation.—Using a 
germanium metal scatterer’ and a gaseous source of As"‘, a 
large resonance fluorescence effect due to the 596 kev excited 
state of Ge’‘ has been observed. Angular distribution measure- 
ments characterize the transition as quadrupole. From the 
magnitude of the resonance fluorescence effect a lifetime 1, of 
(2.4+1) X10~™ second was calculated for the 596 kev transi- 
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tion. This lifetime is one order of magnitude shorter than 
expected for an electric quadrupole transition on the basis of 
the single particle model. Using the 145 kev gamma rays from 
a source of Ce'*, resonance fluorescence from a praseodymium 
oxide’ scatterer has been observed. Preliminary results indicate 
a lifetime ry of (3.5+1) X10~ second for the 145 kev magnetic 
dipole transition in Pr'“, This lifetime is two orders of magni- 
tude longer than expected on the basis of the single particle 
model. 

* Assisted by the joint program of the Office of Naval Research and the 
U. S. Atomic Commission. 

1 Loaned by the e Bell Telephone Laboratories, —— Hill, New 


*Loaned by Dr. F. Spedding, Ames Laboratory the U. S. 
Energy Commission, Ames, lowa. 


ersey. 
tomic 


BA9. Spin, Magnetic Moment, and Electric Quadrupole 
Moment of La'**, and the Magnetic Moment of Ci". P. B. 
Soco ano C. D. Jerrries, University of California, Berkeley.— 
By nuclear induction we have observed the nuclear magnetic 
resonance of the rare odd-odd isotope La'* using both natural 
and enriched samples, supplied by Oak Ridge National Labo- 
ratory. The ratio of the resonance frequency to that of La'® is 
»(La'**) /»(La'*) = 0.93407 +0.00003. By a detailed comparison 
of the relative signal amplitudes, polarities, and line widths of 
La'™* and La'*, and using the known moments of La'**, we find 
the spin 7(La'**)=5, and the magnetic moment s«(La'*) 
= + (3.6844+0.0004) nm, without diamagnetic correction. 
From the observed thermal relaxation times and the reasonable 
assumption that the relaxation process is chiefly via the nuclear 
electric quadrupole moment Q we find Q(La'**)/Q(La'™)=3, 
which yields | Q(La'**)! 2.7 X10-*4 cm* from the measured 
value Q(La'*) of Murakawa and Kamei. Using the experi- 
mentally determined g factors for the adjacent nuclei Ba'"’ and 
La’ we calculate on a simple jj coupling model y(La™*) 
= +3.70 nm We have observed the magnetic resonance from 
250 we of Cl**, obtaining for the magnetic moment yu(Cl**) 
= + (1.2838+0,0002) nm. A jj coupling calculation similar to 
the foregoing yields »(Cl**) =1.16 nm. This work has been 
supported in part by the U. S. Atomic Energy Commission. 


BA10. Nuclear Magnetic Moment and Mass of Chlo- 
rine-36.* P. C. FLercHer ano L. C. Aamoprt, Columbia Uni- 
versity.—The magnetic moment of the Cl** nucleus was 
measured by observing the Zeeman splitting in the electric 
quadrupole hyperfine pattern of the molecule CH,CI'* 
(J =0-+1, K=0, F=2-+2). Its magnitude, as measured in a 
rectangularly cross-sectioned absorption cell, was found to be 
1.32+0.08 nuclear magnetons. Its sign, determined in a 
circularly cross-sectioned absorption cell allowing circular 
polarization, was found to be positive. These observations 
favor the nuclear configuration (dy)w(d)p which is that ex- 
pected from nuclear shell theory. Measurements of the 
quadrupole spectrum without a magnetic field gave the 
following information: the spin of Cl** was confirmed to be 2, 
the mass difference ratio (Mo.*— Me\")/ (Mei — Mei") was 
found to be 1.00168+0.04 percent, the molecular rotational 
constant for CH;Cl** was found to be 13 187.604+0.015 Me 
and its quadrupole coupling constant to be ~15.83+40.20 Mc. 


* This work supported nom fw ~ —_ Cor , the Office of Naval 


Research, and the Air Research 





BAI1. Quadrupole Resonances of Chloro and Bromo- 
benzene Derivatives. P. J. Bray, Rensselaer Polytechnic 
Institute,* anv R. G. Barnes, University of Delaware.t—All 
available nuclear quadrupole resonance data for chloro and 
bromobenzene derivatives, including some work not yet 
published, have been correlated with the Hammett sigma 
parameter.'~* Regression lines have been fitted to the data by 
the method of least squares. These indicate that in the 
bromobenzene case the experimental! values can be represented 
by the equation, f=227.19+8.18¢ megacycles per second. 
Evaluation of the correlation coefficient shows that approxi- 
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mately 90 percent of the observed frequency behavior may be 
ascribed to the sigma parameter. Ortho, meta, and para 
substituent positions correlate with nearly equal validity. In 
the chlorobenzene case, the correlation is less satisfactory, 
with only 60 percent of the frequency behavior determined by 
sigma in meta and para examples, and 83 percent determined 
in ortho examples. A brief discussion of some alternative views 
on this problem will be given 


n the National Science Foundation 
a Ordnance Research and the Re 


* Research supported by 

Y Research supported by 
search Corporation 

'L. P. Hammett, Physical Organi 
pany, Inc., New York, 1946 

*H. C. Meal, J. Am. Chem. Soc. 74, 612 

'p.J ray and R. G. Barnes, J. Chem. Phy 


a grant tr 
the Office 


Chemistry (McGraw-Hill Book Com- 
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8. 22, 2023 (1954 


BA12. Nuclear Magnetic Relaxation in Ethane Deriva- 
tives.” S. L. Linper, Washington University.—It has been 
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found that hydrogen and fluorine nuclei in certain of the 
ethane derivatives exhibit very long thermal relaxation times 
at liquid nitrogen temperature. The substances CH,CI—CH,Cl 
and CH,Cl —CF,Cl have been examined and in both cases the 
proton relaxation time is about 30 seconds, while the fluorine 
relaxation time is about 10 seconds. The line widths of these 
resonances are all of the order of 10 gauss. In the Bloch 
notation, this situation can be described as a8, 8>>1, and, 
for the values of H; used in this experiment, a<1. If the rf 
field is turned on suddenly, the derivative of the nuclear signal 
is observed to saturate with a time constant which can be 
related to 7), the thermal relaxation time. The experiment 
permits an estimation of the saturation factor, which is a 
measure of the deviation of the line shape from a pure 
Lorentzian. 


* Assisted in part by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 
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Cl. An Effect of Order-Disorder on the Low-Temperature 
Resistance Maximum. R. W. Scuitt, General Electric Re- 
search Laboratory The addition of Mn to a CusAu alloy is 
found to produce a maximum in the low-temperature resist- 
ance of the alloy similar to the maxima found in Cu, Ag, or Au 
upon adding Mn.' Moreover, the temperature at which the 
resistance maximum occurs depends on the heat treatment of 
the alloy in a way that suggests a connection between this 
temperature order-disorder in the matrix. An alloy 
containing 0.17 atomic percent Mn has been investigated 
and an upward shift in the temperature of the resistance 
maximum of as large as 0.4°K has been observed in going from 
“well-ordered” matrix 


; 18, 877 


and 


a “disordered” matrix to a 


1A. N. Gerritsen and J. O. Linde, Physica 17, 573 (1951 1952 

C2. Monomolecular vs Bimolecular Relaxation Kinetics in 
Cu,Au and Beta Brass. Jerome Rorusrein, Signal Corps 
Engineering Laboratories.—Consider the elementary act of 
iary alloy as barrier-opposed AB interchange, 
metastable, interchange of nearest 
neighbors only permitted. If a wrong A-atom has “right” 
nearest B-neighbors it can migrate, while remaining wrong, 
from its original partner and be “righted” by interchange with 
a wrong B-atom not the original partner, leading to bimo- 
lecular isothermal relaxation kinetics (cothat or tankat laws) 
as expected' and observed* for Cu,Au. If wrong A has only 
right A nearest neighbors except for the original partner 
(wrong B), “righting” is only by interchange with the original 
partner, leading to monomolecular isothermal relaxation 
kinetics (exp—at law); this is expected for beta brass. For 
comparable barrier heights and frequency factors monomo- 
lecular relaxation is much the faster by many orders of 
magnitude, particularly so at temperatures appreciably below 
T.. Ease of quenching in disorder in CusAu and absence of 
disorder in severely quenched beta brass support this expecta- 
tion of monomolecular relaxation kinetics for the latter 

+t Rothstein, Phys. Rev. 94(A), 1429 (1954) 

*F. Burns, Phys. Rev. O4(A), 1429 (1954 
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C3. Thermoelectric Powers of some Palladium Alloys. J.C 
TayLor anp B. R. Cores,* Imperial College, London (intro- 


duced by J. E. Goldman).—-Thermoelectric powers (S) have 
been measured in the range 0° to —200°C for the palladium- 
silver alloys and for some palladium-rhodium alloys. In the 
former system S is found to be highly sensitive to the presence 
of unoccupied d-band states. A marked variation of S with 
composition occurs in alloys with more than 90 percent of 
either element. This behavior can be ascribed to a contribution 
to conduction by d-band holes in the palladium-rich alloys, and 
to departure of the Fermi surface from an absolutely spherical 
form as the electron concentration increases in the silver-rich 
alloys. Estimates of S for the pure metals, made on the basis 
of simple theoretical models which ignore these complications, 
show close agreement with values obtained by extrapolating 
experimental results for alloys where these effects are absent. 
The composition dependence of S in alloys containing no 
d-band holes supports the view! that the relaxation time for 
impurity scattering has an energy dependence different from 
that for lattice scattering. Initial additions of rhodium to 
palladium produce effects which are consistent with the 
behavior in the alloys with silver, but larger additions give 
anomalous effects 


* On leave of absence at Carnegie Institute of Technology. 
'C. A. Domenicali and F. A. Otter, Phys. Rev. 95, 1134 (1954). 


C4. Thermodynamic Properties of Alpha Ag-Cd and Alpha 
Au-Cd Alloys.* P. HerasyMENKO, New York University.— 
Measurements of partial pressure of cadmium were made over 
alpha solid solutions in the Ag-Cd and Au-Cd systems. Thin 
weighed wires of pure silver or gold were placed at different 
positions along a temperature gradient in an evacuated quartz 
tube in which a constant pressure of cadmium vapor was 
maintained. The wires absorbed cadmium until the alloys 
formed reached equilibrium with the vapor. Cadmium content 
was obtained from the weight increase of the wires. Several 
hundred alloys were obtained in the alpha field of each system 
at different cadmium pressures and for different temperature 
ranges (mostly above 550°C). The evaluation shows that sharp 
increases in relative partial entropy of cadmium occur at 8.33 
at. percent Cd in the Ag-Cd system, and at 16.66 and 25.0 at. 
percent Cd in the Au-Cd system. The results indicate that a 
considerable ordering takes place in the alpha (f.c.c.) solid 
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solutions at compositions where the ratio of solute to solvent 
atoms is 1/11, 1/5, and 1/3. 


* The study was sponsored by the Office of Ordnance Research. 


CS. Mutual Solubilities of Iron and Osmium. S. S. Sipxv 
anp D. D. Zauperts, Argonne National Laboratory.—The 
electronic structures of 3d and 4s shells of iron are identical 
with those of Sd and 6s of osmium. In the “free’’ or gaseous 
state each d-shell contains 6 electrons and each s, 2. The 
metallic radii of iron are about 6.1 percent and 6.7 percent 
smaller than those of osmium for coordination numbers of 8 
and 12 respectively. These factors favor an extensive solubility 
of one metal in the other. From a series of substitutional solid 
solutions of iron in osmium and osmium in iron, prepared at 
2000°-2700°C and cooled to room temperature, it is found that 
iron dissolves in osmium to the extent of 80 atomic percent, 
and osmium in iron to about 10 atomic percent. The region 
between 80 and 90 atomic percent iron in osmium is a trans- 
formation region in which the two phases coexist. As iron 
dissolves in osmium the osmium lattice contracts, but with 
increasing solubility of osmium in iron the iron lattice expands. 
At room temperature the volumes of the unit cells of osmium 
metal and of electrolytic a iron used in this investigation were: 
27.98 X10-** cm* and 23.4910 cm’ respectively. At the 
solubility limits they approached the value of approximately 
24X10 cm’. 


C6. Small-Angle X-Ray Scattering from Cold-~Worked 
Metals.* R. H. Neynaser, W. G. BRAMMER, AND W. W. 
BEEMAN, University of Wisconsin.—The diffuse small angle 
scattering from cold-worked metals is presumed caused by the 
collection of lattice vacancies into small cavities. Some of our 
recent experimental results are difficult to explain on this 
model. We observe in annealed Ni, Cu, and Al foils sharp 
scattering peaks at 1° or 2° scattering angle (Fe Kg radiation). 
We believe these arise from two successive Bragg scatterings 
by adjacent and slightly-tilted grains. We will discuss the 
possibility that some or all of the diffuse scattering in cold- 
worked foils is due to a similar mechanism. Foils cold worked 
at liquid air temperature show immediately the usual diffuse 
scattering. There is no evidence for the growth of cavities by 
the diffusion of vacancies as the foil is warmed. Below an- 
nealing temperatures the intensity of the diffuse scattering 
decreases and increases reversibly with increasing and de- 
creasing foil temperature. This is understandable with double 
scattering (the Debye factor) but difficult with a cavity model. 
Arguing against double scattering is our failure to find scat- 
tering curves intermediate between the occasional sharp peaks 
from annealed samples and the continuous diffuse scattering 
from slightly cold-worked samples. 


* Supported by the Office of Scientific Research, Air Research Develop- 
ment Command, and the Wisconsin Alumni Research Foundation. 


C7. Dislocation Relaxations at Low Temperatures and the 
Limiting Shear Stress in Metals. W. P. Mason, Bell Telephone 
Laboratories.—Recent measurements of the ultrasonic attenua- 
tion'* in four face-centered metals have shown relaxations in 
the temperature range from 35°K to 150°K. For lead the 
relaxation frequency follows Eq. (1a). At higher temperatures, 
a loss shown by Eq. (1b) results for lead. Thus 


wo 2xfo=2.9K10e-™/RT (1a); Qe 1.8e-OM/RT, (1b) 
Taste I. 
Temp. of Act. eng 
max. cal/ “ & 

Metal atten. mole bin A® dynes/cm® dynes/cm* T im /e 
Pb 35°K 790 3.5 7.3 x10" 39x10" 53xK10"* 
Cu 85°K 1910 2.55 4.0 x10" 1.9 x10* 4.7x1io-* 
Al 100°K 2260 2.36 2.5 X10" 1.6 «108 64x10" 
Ag orn 1350 2.88 2.5 x10" 10x10" 40x10" 
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Furthermore, 790 cal/mole correlates with the energy re- 
quired to displace a dislocation loop from one minimum energy 
to an adjacent one against the limiting shearing stress 713». 
From the activation energies measured one can determine the 
limiting shearing stress 713» for the four metals as shown by 


Table I. 


‘+P. C, Bordoni, J. Acoust. Soc. Am. 26, 495 (1954). 
2H. E. Bommel, Phys. Rev. 96, 220 (1954). 


C8. Conductivity of Thin Films in a Longitudinal Magnetic 
Field. ErNeEst KOENIGSBERG AND LEON FINDLEY, Midwest 
Research Institute.—The conductivity of thin Alms in a strong 
magnetic field (i.e., radius of curvature of electron paths less 
than half the film thickness) can be expressed in closed form.' 
We have calculated the conductivity in weak fields by nu- 
merical integration of the expression resulting from the free 
electron approach described in reference 1. This integration 
was performed on the Card Program Calculator at Midwest 
Resezrch Institute. Calculation errors range from less than 1.0 
percent for thick films to 3.0 percent (due to slow convergence) 
for relatively thin films in very weak fields. Comparison is 
made with Chamber's* results for thin wires. In a given field, 
the conductivity of a film is greater than that of a wire of the 
same material whose diameter is equal to the film thickness, At 
present, experimental results are not available for comparison. 


1 E. Koenigsberg, Phys. Rev. 91, 8 (1953). 
+R. G. Chambers, Proc. Roy. Soc. (London) A202, 378 (1950), 


C9. Tensile Strengths of Silver Films of Various Thick- 
nesses at Different Temperatures.* J. B. Breazeate, W. L. 
Bart, AND J. W. Beams, University of Virginia.—Silver films 
are electrodeposited on the periphery of cylindrical ferro- 
magnetic rotors which are then spun until the films are thrown 
off. Both tensile strength and adhesion may be measured by 
this method,' but in these experiments care was taken in the 
electrodeposition process to reduce adhesion to a negligible 
value. The rotors were magnetically suspended in glass 
vacuum chambers and driven by rotating magnetic fields. At 
low temperatures the vacuum chamber was surrounded by two 
dewars. The outer Dewar contained liquid nitrogen; and the 
inner one contained liquid helium or liquid nitrogen, depending 
upon the desired operating temperature. At room temperature 
the tensile strength is independent of film thickness and equal 
to about that of bulk silver for thicknesses from 10~* cm to 
approximately 2.910-* cm. For film thicknesses less than 
about 2.9+0.310~* cm (the exact value depends slightly 
upon the plating current) the tensile strength increases many 
fold. At liquid nitrogen temperature for film thicknesses from 
10* cm to roughly 2.9X10~§ cm the tensile strength is 
constant and equal to approximately 23 x 10* dynes/cm*. For 
thinner films a large increase in tensile strength is observed. 


* Supported by the Office of Ordnance Research 
' Beams, Walker, and Morton, Phys. Rev. 87, 524 (1952). 


C10. A Technique for the Study of Thin Metallic Films. 
R, L. Kerry, Stanford Research Institute.—A method will be 
described which permits the determination of resistivity and 
thermoelectric emf of thin metallic films. The films are formed 
by vacuum evaporation in a sealed-off glass tube and kept 
under high vacuum during the electrical measurements. The 
tube will be described in detail and some preliminary data on 
iron films will be presented. 


Cll. Micromachining with Virtual Electrodes. A. Unuir, 
Jr., Bell Telephone Laboratories.—Minute holes have been 
drilled in germanium, iron, copper, silver, and tungsten 
carbide by a new technique for machining by electrolytic 
etching. The flow of current is localized by a nonconducting 
partition in the electrolyte. The partition may be a glass tube 
drawn down to a tip as small as one micron in diameter. A 
variety of shapes can be produced by moving the tip with 
respect to the work. Localized plating has also been ac- 
complished with the technique. 
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Fission; Coulomb Excitation 


CAI. Energy Spectrum of the Delayed Gamma Rays from 
Uranium Photofission.* J. M. Wycxorr anp H. W. Koca, 
National Bureau of Standards —The delayed gamma rays 
from uranium samples irradiated by 18.5 Mev electrons from 
a 50 Mev betatron were studied in the range of 30 kev to 
5 Mev with a 4 in. long, 5 in. diameter, NaI (T1) spectrometer. 
After bombardment times of 1, 2, 10, and 90 minutes, photo- 
graphs of two ten-channel pulse-height analyzers taken at 
regular intervals recorded the pulse-height distribution and 
decay rate. The location of the spectrometer was such that 
there was no neutron activation of the crystal. Three uranium 
samples, 0.02, 0.09, and 0.30 cm thick, were used in order to 
assess the effects of buildup of gamma intensity in the bom- 
barded target and self-absorption, backscattering, and self- 
excitation of the Ka x-rays on the measured spectrum. The 
measured energy spectrum above 360 Kev during the first 
100 seconds was a fairly smooth straight line on a semi-log 
plot dropping 3.5 decades by 5 Mev. In the delay time interval 
between 10 and 42 minutes the slope of the exponential spec- 
trum decreased, thus decreasing the mean and the apparent 
maximum energy. An estimate of the number of gammas per 
fission above 200 kev is 2.7. 

: * Supported by the Department of Defense, Air Force Special Weapons 
Project 


CA2. Neutron Induced Fission Excitation Curve for Am**'.* 
R. A. Nosies, R. L. HENKEL, anv R. K. Smirn, Los Alamos 
Scientific Laboratory.—The Am™ fission cross section has been 
measured for several neutron energies between 0.5 and 7 Mev 
by simultaneously counting fission events from known foils 
of Am™ and U™* irradiated by the same neutron flux. U™ 
fissions were counted by a conventional ionization chamber. 
Due to the high specific activity of Am™, a fast counting 
system was developed to prevent obscuring the fission pulses 
by multiple pile-up of alpha pulses. The Am™ pulses were 
counted in a xenon scintillation counter using a tetraphenyl- 
butadiene loaded plastic film to shift the ultraviolet radiation 
to the visible spectrum for viewing by an RCA-6342 photo- 
multiplier. Pulse height stability was achieved by maintain- 
ing the temperature of this counter at 0°C. The pulse output of 
the photomultiplier was clipped to 2 10~* second, amplified 
sent to a fast crystal discriminator which was biased to re- 
move alpha pulses. The remaining fission pulses were length- 
ened to 1 wsecond, amplified and counted with conventional 
circuits. Using the known U™* fission cross section, the ex- 
citation curve for Am™ was determined. The cross section 
has a threshold at 0.5 Mev neutron energy, rises until 1.5 
Mev, is constant up to 6 Mev and rises above 6 Mev. 


* Work performed under the auspices of the U. S. Atomic Energy Com- 
mission. 


CA3. Angular Distribution of Fragments from Neutrons- 
Induced Fission of U**.* J. E. Brotiey, Jr., ann R. L. 
Henxet, Los Alamos Scientific Laboratory.—o;(0°,E.)/ 
o;(90°,E,) for U™ was measured at a number of neutron 
energies from the threshold near 1 Mev to 20 Mev. A double 
fission chamber whose common center high-voltage electrode 
was also a collimator’ served to detect fissions in a given direc- 
tion. A coincidence requirement between the two chambers 
served to minimize background effects. In the threshold region 
the anisotropy rises rapidly to a maximum and then declines. 
Thereafter it exhibits the same behavior as U™, climbing 


fornia, Berkeley.—Further 


rapidly up to seven Mev and slowly declining from 14 to 20 
Mev. At seven Mev the angular distribution ¢;(@,7) has a 
shape of the form 1+ A cos*+B cos, with the cosine fourth 
term dominant, similar to the curve for U™* previously 
obtained. 

¢ Work performed under the auspices of the U. S. Atomic Energy Com- 


mission. 
1 Brolley, Dickinson, and Henkel, Phys. Rev. 95, 651 (1954). 


CA4. Spontaneous Fission Neutron Multiplicities.* R. V. 
Pyte, D. A. Hicks, anp Joun Ise, Jr., University of Cali- 
measurements of the prompt 
neutron multiplicity spectra from the spontaneous fission of 
some of the actinides have been made in a liquid scintillator 
moderator and detector.! Using the average number of neu- 
trons per spontaneous fission of Cf*, i =3.5340.15, we found 
the efficiency for detecting one neutron to be « =0.772+0.029. 
The data from two nuclides have been analyzed and the ratio 
b Cf#"/b Cm™=1.344+0.015 obtained (probable errors 
shown throughout), giving » Cm™=2.63+0.11. Higgins 
et al. have measured § Cm™ =2.60+0.12. If P(n) is the 
observed multiplicity distribution and F(v) is the actual 
distribution, 

nn ="imax 
F(vy)= P(n)| 


n! 


»!(n— 


= Ge 1)". 
y). 


Based on 6594 Cm™ fissions and 5429 Cf** fissions, the values 
of F(v) (normalized to unity) are 
1 2 3 


4 
0.140 06.315 0.340 0.157 
+0.021 +0.019 40.018 +0.021 


5 6 7 
0.030 0.004 0.0009 
+0,006 +0.002 +0.0006 


0.117 0.053 0.003 
+0.016 +0.010 +0.002 


0 
0.013 
+0.006 


= 
Cm™ 


Cra 0.005 


+0.002 


0.032 O.145 0.336 0.304 
+0.012 40.032 +0.022 +0.014 


* This work was done under the auspices of the U. S. Atomic Energy 
Commission. 
! Hicks, Ise, and Pyle, Phys. Rev. 97, 564 


1955). 

CAS. Coulomb Excitation of States in Thallium and Lead. 
P. H. Stetson anp F. K. McGowan, Oak Ridge National 
Laboratory.—Gamma rays of 205-, 279-, and 410-kev energy 
are observed when thallium is excited by proton bombardment. 
Coincidence measurements indicate that 410-kev vy rays are 
coincident with both the 205- and 279-kev 7 rays. It is thought 
that states of 279- and 682-kev energy are excited in TI™, and 
states of 205- and 615-kev energy are excited in TI™*. The 
reduced transition probabilities for E2 excitation, B(E2), are 
(13.542.7) K10-" cm‘ e* and (14.642.9)x10-" cm‘ é for 
the 279- and 682-kev states in TI™, respectively. The values of 
B(E2) and information obtained from studies of the decay of 
Hg™ and Pb™ give evidence that the B(M1) for the 279-kev 
state is a factor of 2000 less than single particle estimate and 
that the B(E£2) for the 410-kev transition is 100 times larger 
than that expected for a transition between single-particle 
proton states. Gamma rays of 570- and 810-kev are observed 
when lead is excited by proton bombardment. The yield of the 
810-kev y ray increased when radiogenic lead enriched to 88 
percent Pb®* was bombarded. These 7 rays are thought to 
result from the excitation of the first excited states of Pb®’ 
and Pb™*. The B(E2) for excitation of the 570-kev and 820-kev 
states are (2871 t)x10-* cm‘ & and (13708) x10- 


cm‘ ¢, respectively. 
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CA6. Electric Excitation of Palladium, Cadmium, and 
Molybdenum by Protons.* GeorGe PAULISSEN aND Hans 
Mark, M.J.7.—Energy levels in enriched isotopes of cad- 
mium, palladium, and natural molybdenum have been studied 
by electric excitation with protons. The following y rays are 
observed: Pd’, 270 and 430 kev; Pd™*, 500 kev; Pd™*, 425 
kev; Pd™, 365 kev; Cd™, 290 kev; Cd™, 545 kev. A 199 kev 
y ray from natural molybdenum is observed which is probably 
due to a previously observed! level in Mo*. Energies of the 
levels in the even A isotopes of palladium and cadmium in- 
crease with decreasing neutron number while the reduced 
transition probabilities decrease. The reduced transition 
probability of the 270-kev level in Pd is seven times smaller 
than that of the 430-kev level. Coincidence experiments and 
yield curve measurements are in progress on a number of odd 
A isotopes where two or more 7 rays are observed to measure 
branching ratios and clarify level structures. 

* Supported by the joint program of the Office of Naval Research and the 
U. S, Atomic Energy Commission. 


1G. M. Temmer and N. P. Heydenburg, Phys. Rev. 93, 351 (1953). 
* Huber, Medicus, Preiswerk, and Steffen, Phys. Rev. 73, 1211 (1948). 


CA7. Internal Conversion Electrons from Electric Excita- 
tion.* E. M. BERNSTEIN AND H. W. Lewis, Duke University. 
—Using a magnetic beta-ray spectrometer similar to the one 
used by Huus and Bjerregaard,' we have observed the in- 
ternal conversion electrons from electric excitation of several 
nuclei. Alpha particles and protons of energy 2-4 Mev were 
used as the bombarding particles. The elements and levels 
investigated were: Mn, 128 kev; Ag, 320 kev; 420 kev; Ta, 
137 kev, 166 kev; W, 102 kev, 112 kev, 124 kev; Au, 77 kev, 
191 kev, 277 kev. The K/L conversion ratio for the Au 277 
kev line leads to a 60 percent M1 and 40 percent E2 mixture 
for the transitions from this level to the ground state. This is 
in agreement with the gamma-ray angular distribution meas- 
urements of Cook et al.? Electron spectra and K/L ratios for 
other elements will be discussed. 

* This work was supported by the U. S. Atomic Energy Commission. 


'T. Huus and J. Byerregaard, Phys. Rev. 92, 1579 (1953). 
* Cook, Class, and Eisinger, Phys. Rev. 96, 658 (1954). 


CA8. Angular Distribution of Gammas from Coulomb Ex- 
citation of Thin Platinum.* W. 1. GotppurG, Duke University. 
—Measurements have been made of the angular distribution 
of gamma rays from spin 2 levels near 345 kev resulting from 
proton bombardment of natural platinum. Preliminary anal- 
ysis of the data indicates that the proton energy dependence 
of the anisotropy is more rapidly changing! than the predic- 
tions of present Coulomb excitation theory.** The proton 
energy range was 2-4 Mev. The 0.0001-inch platinum was 
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backed by 0.005-inch uranium. The bremsstrahlung contribu- 
tion from the backing was measured and subtracted out. 


* This work was supported in part by the U. S. Atomic Energy Com- 


mission. 
‘ od H. Stelson and F. K. McGowan, Bull. Am. Phys, Soc. 29, No. 7, 34 
1954). 
1K. Alder and A. Winther, Phys. Rev. 91, 1578 (1953). 
*K. Alder and W. Winther, Phys. Rev. 96, 237 (1954). 


CA9. Energy Levels in Ru, Pd, and Cd by Coulomb Exci- 
tation. G. M. Temmer anp N. P. Heypensurc, DTM, 
Carnegie Institution of Washingion.—We have excited the 
following gamma rays in Ru, Pd, and Cd nuclei by 6-Mev 
alpha-particle bombardment (mass number, followed by tran- 
sition energy in kev). Ru: 100, 540; 102, 473; 104, 355. 
Pd: 104, 550; 105, 266, and 433; 106, 510; 108, 424; 110, 370. 
Cd: 110, 654; 111, 340; 112, 620; 113, 290, and 550(?); 114, 
550; 116, 508. Enriched isotopes' were used for Pd and Cd. 
All gamma rays in the even-even nuclei represent transitions 
to the first-excited 2+ states. Their transition probabilities 
(lifetimes) have been determined and will be presented. None 
of the lifetimes can be measured with presently available 
coincidence techniques ($10~™ sec). The lifetimes are of the 
order of 20 times faster than would be expected on the basis 
of single-particle transitions. Both the positions and lifetimes 
of these states are found to follow systematic trends inter- 
pretable on the basis of “deformation” of these nuclei? A 
number of these E2 transitions as well as some in the odd- 
mass nuclei had not been observed before. 

1 Kindly lent by G. Scharff-Goldhaber. 


*A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selekab, Mat.- 
fys. Medd. 27, No. 16 (1953). 


CA10. Energy Levels in Ti, Fe, Ge, and Mo by Coulomb 
Excitation. N. P. HeypeNBURG anp G. M. Temmer, DTM, 
Carnegie Institution of Washington.—We have observed 
Coulomb-excited gamma rays with 6-Mev alpha particles on 
Ti, Fe, Ge, and Mo. Enriched targets (supplied by Oak Ridge) 
were used in the case of Mo; for the other elements, the identi- 
fication was made from known transitions. The following 
gamma rays (energies in kev) were observed: Ti, 750 and 
990; Ti**, 890; Fe®*, 854; Ge™, 830; Ge™, 590; Mo”, 786; 
Mo™, 528. With the exception of the 750 kev line in Ti*, all 
lines are due to quadrupole excitation of first-excited 2* levels. 
Transition probabilities will be given for these gamma rays 
The excitation curve of the 750 kev line of Ti was not con- 
sistent with Coulomb excitation of this energy and has been 
assigned to the reaction Ti*(a,ny)Cr"; a gamma ray of the 
same energy was also observed in the reaction V"(p,n7)Cr®.! 
Results for Ge** and Mo* will also be reported. 


1A neutron group to this level was previously seen by Stetson, Preston, 
and Goodman, Phys. Rev. 80, 287 (1950). 
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Theoretical Physics, 1; Meson Theory 


D1. Numerical Calculation of Meson-Nucleon Scattering.* 
M. H. Kaos, Cornell University, anv R. H. Datrtz, Institute 
for Advanced Study.—The solution of the integral equations 
for pion-nucleon scattering proposed by Dyson et al.’ has been 
programmed for the UNIVAC computer,? paying particular 
attention to the singular nature of these equations. Phase 
shifts obtained behave qualitatively in accord with the rough 
solutions previously given. The wave functions and phase 


shifts will be presented for the s-, p-, d-states for which re- 
normalization is not necessary, for energies up to 1 Bev. 
Calculations will also be presented for the corresponding 
integral equations of the relativistic p-wave theory in which 
the nucleon pair-creation graphs are omitted. 


* This work was supported by the U. S. Atomic Energy Commission and 
the Office of Naval Research. 

‘ Dyson a al., Phys. Rev. 95, 1644 (1954), 

* The ation of the staff of the U. §. Atomic Energy Commission 
Computing Facility at New York University is gratefully acknowledged. 
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D2. Scattering of Pions by Nucleons in Intermediate 
Coupling. M. H. Frirepman anv T. D. Lee, Columbia Uni- 
versity.—The scattering of pions from nucleons has been 
investigated by considering a symmetrical pseudoscalar meson 
field coupled to an extended fixed aucleon using gradient 
coupling. In treating this Hamiltonian one uses the inter- 
mediate coupling approximation! which is based on a varia- 
tional procedure and does not depend on the strength of the 
coupling constant nor the number of mesons in the field. The 
problem divides into two parts. The first is the solution of 
the ground state (i.e., physical nucleon) using the Tomonoga 
approximation.’ In order to describe the scattering of a meson 
by a physical nucleon one multiplies this ground-state wave 
function by a scattering function for the meson. This latter is 
then determined by a variational technique. The resulting 
aa phase shift agrees with experiment, if the coupling constant 
f° =0.712 and the cut-off was, =6.214 where w is the meson 
mass. (This corresponds to a renormalized coupling constant 
f?=0.105.) The as; and a, phase shifts are small, ¢.g. being 
—1.60° and 5.99° respectively at 200 Mev 


04, 1760 
1947) 


'T. D. Lee and R. Chiristian, Phys. Rev 1954 


1S. Tomonaga, Progr. Theoret. Phys. 2, 6 


D3. Correlation of Meson-Nucleon Scattering and Nuclear 
Forces. AsRAHAM KLEIN* AND Bruce H. McCormick, 
Harvard University. form of the 
kernel for the relativistic two-nucleon equation has been con- 


The general interaction 
structed by means of the technique of functional differentia- 
tion with respect to external sources. If the nonlinear propaga- 
tion of mesons (meson-meson interaction) can be neglected, 
the corresponding potential can be expressed completely in 
terms of the meson scattering and production matrices for the 
and of the meson 
can be exploited to 


individual nucleons (off the energy shell) 
functions. The 
obtain information about the fourth-order nuclear forces, for 
a momentum-energy expansion of the 


Green's circumstance 
example, by making 
meson-nucleon scattering amplitude and choosing the coeffi- 
cients to fit the data in the low-energy region. This procedure 
has in effect already been applied to the isotopic-spin inde- 
pendent part of the S-wave scattering.' It can equally well be 
applied to the isotopic-spin dependent S-wave scattering and 
the P-wave scattering 
the long-range nuclear forces will be discussed 


The corresponding modifications of 


* Society of Fellows. 
'A. Klein, Phys. Rev. 95, 1061 


1954 

D4. Effective Range Analysis of the Pion-Nucleon S- 
Waves.* H. P. Noyes, University of Rochester.—The photo- 
meson-Panofsky effect that a; ay! /k =0.19 
(k = p,/yc) and low-energy scattering data' imply a; increases 
more rapidly than & below 60 Mev. Then either the effective 


range is negative, implying at least two bound states of J = 1/2, 


result! 


or shape dependent corrections are enormous, requiring a 
pathological interaction. If, however, interpretion of the 
Panofsky effect is in error due (for example) to charge de- 
pendent corrections, all other data’ are with 
a ~0.173k, ay~ —0.097k. Introducing a hard core,’ the shape 
independent approximation may be written a, =ctn™' (—1/a,k 
+rok /2)—r ck. If one fits the slopes and a; +10°, ag= —13 
at k=1.3, the curves are essentially independent of ro, if 
ro S A/c. The parameters (units &/yc) are 


consistent 


re a 
0 OA 


1 ~0.222 


ve 
0.261 
0.049 


* Work supported in part by the U. S. Atomic Energy Commission. 

' For recent data see Proceedings of the Fifth Annual Rochester Conference 
(Interscience Publishers, Inc.. New York, 1955) (to be published) 

*H. P. Noyes and A. E. Woodruff, Phys. Rev. 94, 1401 (1954) and 
references 


ro 
0.661 
0.419 


Gs 
—0) S64 
~0.322 


DS. Energy Distribution of ~ Rays from =° Decay.* R. M. 
STERNHEIMER, Brookhaven National Laboratory.—The energy 
distribution of y rays resulting from the decay of *«* mesons 
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produced by a high-energy proton beam is related in a simple 
manner to the differential cross-section f(E,,9,) for x° produc- 
tion, where E, =x total energy and 6, =angle of r° to the 
incident beam. The angle ¥ in the laboratory system between 
the observed 7 and the decaying x® must be S¥max =sin~'(k/k), 
where k =laboratory energy of 7, k = energy in x rest system. 
At high y energies, Ymax is small (e.g., 3.9° for k=1 Bev). 
Hence the y-energy distribution for large k at an angle 6, to 
the beam involves only values of f(E,,8,) for a narrow range 
of 6, ~6,. If P(k,8,) is the number of 7 rays per unit energy 
interval dk and per unit solid angle at @,, f(k,0,) is given by 
—(k/2nN)dP(k,0,)/dk, where n=number of incident pro- 
tons, N=number of target nuclei/cm*. This expression is 
valid for k > 500 Mev and can be used to obtain f(Z,,0,) from 
measurements with a y-ray spectrometer set at various angles 
to the proton beam. This result has been extended to an arbi- 
trary two-body decay. 

* Work performed under the auspices of the U. S. Atomic Energy Com- 
mission. 


D6. Pion Production in Proton-Proton Scattering.* D. B. 
LICHTENBERG, L/niversity of Illinois.—A calculation of the 
cross section for the reaction p+p—>*+d has been carried 
out, using the cut-off form of the Yukawa theory.' The di- 
proton and deuteron wave functions have been treated phe- 
nomenologically. Two types of terms have been taken into 
account: (1) those due to direct emission of the pion and (2) 
those due to resonance scattering of the pion by the proton 
in the state of angular momentum 3/2 and isotopic spin 3/2.? 
These terms were found to be of comparable magnitude. Since 
the diproton state is one of high energy, the results are very 
sensitive to the details of the wave functions chosen for the 
deuteron and diproton, but with any reasonable choice, the 
correct qualitative features of the p-wave part of the produc- 
tion amplitude emerge. In particular, the absolute value of 
the experimental cross section is consistent with a coupling 
constant of the same order as that determined by pion- 
nucleon scattering and photoproduction 

* Supported in part by the Office of Naval Research. 


1G. F. Chew, Phys. Rev. 95, 1669 (1954) 
7K. A. Brueckner, Phys. Rev. 86, 106 (1952). 


D7. Pion Production for Polarized Protons. F. MANDL AND 
T. ReGGe, University of Rochester (introduced by R. E. 
Marshak).—The production of pions and deuterons in proton- 
proton collisions is analyzed using the statistical operator 
methods. We derive (1) the production cross section for s-, p-, 
and d-waves and (2) the polarization of the deuteron for both 
polarized and unpolarized incident protons with the restric- 
tion to s- and p-waves. The deuteron polarization gives new 
information about the production amplitudes for an unpolar- 
ized proton beam for the p-wave production only and for a 
polarized one for s-waves as well. With polarized protons a 
triple-scattering experiment is required. The experimental 
possibilities of the triple scattering experiment (in the energy- 
range 400 to 600 Mev) will be discussed 


D8. Pion Production in Electron-Proton Collisions.* R. H. 
Daitz, Institute for Advanced Study.—The main part of the 
direct pion production from protons by the virtual electro- 
magnetic field of a scattered electron may be predicted from 
the pion-photoproduction data, if only the outgoing pion is 
measured, since small angle scattering in which this field is 
transverse then predominates. New information is contained 
in the deviations from such an estimate; these deviations 
reflect (a) the momentum dependence of the (off-diagonal) 
matrix elements for excitation by the transverse field and 
(b) the electric transitions induced by the longitudinal field. 
Transverse and longitudinal excitations will generally inter- 
fere and, since the momentum transfer is large, the matrix 
elements (b) are different from those for the corresponding 











transverse excitations. Photoproduction data and matrix- 
element estimates based on fixed-source meson theory suggest 
that the observable deviations will give information mainly 
on the momentum dependence of the M1 excitation of the 
resonant state and on the longitudinal £1 excitation. The 
experimental data available will be discussed. 


* This work has been supported by the program of the Office of Naval 
Research at Stanford University and Corneil University. 


D9. A Model for Multiple Meson Production. E. M 
HENLEY, University of Washington, anv T. D. Ler, Columbia 
University.—A quantum-mechanical model, analogous to the 
classical treatment of Lewis, Oppenheimer, and Wouthuysen,! 
is proposed to study the production of mesons in nucleon- 
nucleon collisions. The colliding nucleons are pictured as bare 
cores surrounded by arbitrary numbers of mesons. The struc- 
ture of the meson cloud surrounding each core and the scatter- 
ing states for various numbers of mesons are determined by an 
intermediate coupling calculation. The strength of the meson- 
nucleon coupling constant and the size of the core are de- 
termined by comparison with meson-nucleon scattering experi- 
ments. In the collision process, mesons are produced by an 
exchange of ordinary spin and isotopic spin between the cores. 
Although absolute cross sections cannot be obtained from this 
model, production ratios for various processes are completely 
determined. Results will be presented for the production of 
one and two mesons at collision energies of the order of a 
few Bev. 

1 Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127 (1948) 

D10. Structure of the Mesonic Cloud Associated with a 
Nucleon. G. SaLzMAN, University of Illinois.—Experimental 
evidence for the spatial extent of the charges and currents 
associated with a physical nucleon is becoming available. The 
effects of this extension may, for each nucleon, be described in 
terms of two invariant functions (form factors) F; and F:, 
where ¢oF; is the nucleon's effective charge, ¢9 its static charge, 
poF; its effective anomalous magnetic moment, and yo its 
static anomalous magnetic moment. The functions F, and 
F; may be expressed as power series in (Ap)*{ = Ap,Ap, ], the 
square of the four momentum transferred to the nucleon in 
the collision under discussion. The terms of F; and F; which 
depend on the first power of (Ap)? are being calculated to 
second order in the nucleon meson coupling using the cut-off 
theory with neglect of nucleon recoil. These results, and their 
comparison to experiment will be reported. 


D11. Nuclear Radius and Nuclear Forces.* S. D. Dre.t, 
M.I.T.—The difference between the of the nuclear 
matter distribution and the nuclear-force radius (r,.~1.45A! 
X10-" cm) for A 250 is interpreted as a consequence of the 
finite range of nuclear forces. Assuming that the matter dis- 
tribution coincides with the charge distribution as determined 
at Stanford (r,~1.2A!XK10~" cm), we sum up the nuclear 
interactions of an incident nucleon for various proposed 
internucleon potentials, V(r). We also evaluate induced spin, 
matter, and charge polarizations of the nuclear matter due to 
an impinging nucleon as a test of the convergence of these 
calculations. The aim here is to see what ranges and strengths 
of V(r) are appropriate, say, to overcompensate the Coulomb 
barrier for protons at a distance ~r,. This approach is sensi- 
tive, in first order, only to the long-range behavior of the spin 
and charge independent portion of V(r). It leads to the follow- 
ing conclusions. Either the neutron distribution extends at 
least 10 percent beyond the proton one or V(r) must contain a 
sizeable amount of Wigner interaction with the range of a 
meson Compton wavelength. Such an interaction is not found 
in recent meson theoretically deduced V(r). This result is 
insensitive to details of the tail of the charge distribution. 


“radius” 


* This work was supported in part by the joint program of the Office of 
Naval Research and the U. S. Atomic Energy Commission. 
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Di2. The Two-Nucleon Potential from the Cut-Off Yukawa 
Theory. S. Gartennaus, University of Illinois. —Using the 
Yukawa theory with cut-off, the two-nucleon interaction is 
calculated up to fourth order in the coupling constant. The 
resulting potential at large distances (2 10-" cm) is similar to 
the well-known potential with no cut-off.! At small distances, 
however, the tensor potential approaches zero, and the 
central potential is strongly repulsive. All details are com- 
pletely determined by two parameters, the coupling constant 
and cut-off. The Schrédinger equation for the two-nucleon 
problem at low energies is solved using the Blatt-Kalos routine 
on the Illinois electronic computer, and values are obtained 
for the binding energy, the quadrupole moment, and the four 
n-p scattering parameters. It is found that all experimental 
values are reproduced (to within 15 percent) with the same 
coupling constant and cut-off 
nucleon scattering and photoproduction.* 


required to explain pion- 


1952); K. A. Brueckner 
Henley and M 


' Taketani ef al., Progr. Theoret. Phys. 7, 45 
and K. M. Watson, Phys. Rev. 92, 1023 (1953); E. M 
Ruderman, Phys. Rev. 92, 1036 (1953). 

2G. F. Chew, Phys. Rev. 95, 1669 (1954). 


D13. On the Singlet S-State Nucleon-Nucleon Potential.* 
R. B. RAPHAEL, University of California, Berkeley.—A knowl- 
edge of the singlet S-phase shift over only a limited energy 
region implies a corresponding limitation in the extent to 
which the S-state nuclear force may be determined from the 
scattering data. It will be shown, by means of a rapidly con- 
vergent approximation procedure suggested by Schwinger, 
that it is possible to know the value of the nuclear force at a 
discrete set of radial points only, whose number and distribu- 
tion depend upon the energy range over which the S-phase 
shift is accurately represented. Thus the lowest approxima- 
tion, corresponding to a knowledge of the S-phase shift be- 
tween 0 and 10 Mev, produces a value at a single point, and 
is thus consistent with the shape-independent approximation 
The next approximation, valid for scattering energies between 
0 and 50 Mev, specifies the potential at three points within 
its range; when one uses the S-phase shifts appropriate to the 
usual potential shapes, the method reproduces these shapes 
with qualitative accuracy. When applied to the actual scat 
tering data, the procedure produces an S-state potential 
having a repulsive core of radius ~0.3K 10" cm. The effect 
on these results of alternate fits of the data and extensions of 
the method will be mentioned 


* This work was performed under the auspices of the U. S. Atomic Energy 
Commission. 


Di4. Anomalous t-Meson Decay. Trersvo Ecucui,* Jowa 
State College.——The possibility that a r meson decays into two 
x mesons and a photon is considered by perturbation calcula 
tion under the assumption that the r meson ordinarily decays 
into three x mesons via a virtual nucleon pair. Both processes 
are allowed if the r-meson field is a pseudoscalar with pseudo- 
scalar coupling to the nucleon field. If the neutral r meson 
exists, the decay r°-+r* +27 +-y7 would look like a @ event with 
a Q-value less than the normal value 214 Mev. The calculation 
shows that the probability of this decay with an apparent 
Q-value between 75 and 214 Mev is of the order of a few per- 
cent of that of the normal r-meson decay. The possibility of 
interpreting the anomalous ® events observed by Thompson! 
and others* in this manner will be discussed 


* Institute for Atomic Research, on leave from Kyushu University, 
Fukuoka, Japan 

'R. . Thompson, Proceedings of the Fourth Annual Rochester Con 
ference (1954) 

* Van Lint, Anderson, Cowan, Leighton, and York, Phys. Rev 
(1954). 


94, 1732 


D15. The A°—@ Ratio in Pb and C. Martin M. Biock* 
AND Ropert Jastrow, Naval Research Laboratory.-The 
yields of A® and @ particles have been calculated by Monte 








620 SESSIONS D, DA, E, AND F 


to ®’s, is effectively prohibited by its high threshold (~740 
Mev), which lies above typical A® energies. Results will be 
reported for several assumptions on the relative probability 


Carlo techniques for 1.9-Bev x~ mesons incident on Pb and C 
Associated production (*~ + N(nucleon)-+A°+@) is assumed 
and the histories of the unstable particles are followed via 


elastic scattering and the exchange reaction (1) @+N-—-A®°+,r. of (1). 
Reaction (1) increases the A® to @ ratio and is exothermic. Th = 

2 ) - “~ he “ ato . id an : I a * On military leave of absence from Duke University, Durham, North 
analogous reaction (2) A°+N--@+42N, which converts As Carolina 
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DAI. Polar Semiconductors. W. W. Scanion, U. S 

DA2. Impact Ionization of Impurities in Germanium. N. Sciar, U 
(30 min.) 
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E4. K-Mesons and Hyperons in the Cosmic Radiation. M. M. Sapiro, Naval Research Laboratory 
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Neutron Physics, II 








Fil. Neutron Resonances in the Kilovolt Region: Cl", Cl”, 
K*, and K*.* L. A. Totver, J. R. Parrerson, anno H. W. 
Newsen, Duke University.—Neutron curves 
have been measured by the transmission method between 2 
and 200 kev for Cl and 2 to 120 kev for K. The strengths of 
the resonant spectra increase decidedly with atomic weight 
Below 110 kev there are 9 resonance peaks in K“, 9 in K®, 6 
in CP’, and 2 in Cl**. However, the fractional loss of peaks is 
undoubtedly considerably greater for the lighter nuclides 
Widths for some of the peaks have been estimated by the 
area method: K®, 39(0.9); K™, 43(0.3), 58(0.6), 68(0.8); 
Cl, 26.5(0.34); CP", 8.8(0.09), 26.5(0.33), 47.4(0.20), 
55.5(0.18), 65.0(0.18), and 94.2(0.80). The estimated value of 


cross section 


the width (kev) is shown in parentheses next to the neutron 
energy of the peak. Compensating samples were used to cancel 
out any isotopic impurity greater than 5 percent; the fre- 
quency with which both isotopes have resonances at the same 
energy makes this precaution necessary. Peaks at 26.5, 141 
and 190 kev are found in the cross section curves for both 
isotopes of Cl; and both K isotopes show peaks at 10, 23, 58, 
96, and 110 kev. No plausible model is known which can 
account for the surprising frequency of this effect. The 
separated isotopes were prepared at Oak Ridge National 
Laboratory by C. P. Keim and his associates 


* This work was supported by the U. S. Atomic Energy Commission. 
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F2. Total Neutron Cross Sections in the Kilovolt Region: 
Zr™, Zr®*, and Zr**.* P. F. Nicnovs, R. G. Suir, anp H. W. 
Newson, Duke University.—The total cross sections of Zr®™, 
Zr“, and Zr™ were measured as oxides by the transmission 
method over a neutron energy range from 5-140 kev. The 
neutron collimation-detection equipment has been previously 
reported.! The most prominent resonances in Zr™ occur at 
18(0.12) and 42(0.40) kev; in Zr* at 7(0.05) and 48(0.35) kev; 
and in Zr™ at 20(0.11), 44(0.20), and 68(0.50) kev. The figures 
in parentheses are the estimated widths. Weaker resonances 
were found in each isotope. The resonances in Zr™ are some- 
what more prominent than in the others, but the apparent 
level spacings are about the same. Better resolution will be 
required to find the variation of level spacing near neutron 
number 50. The separated isotopes were prepared at Oak 
Ridge National Laboratory by C. P. Keim and his associates. 


* This work was supported by the U. S. Atomic Energy Commission. 
J. H. Gibbons, Phys. Rev. 94, 773 


F3. Angular Distributions of Scattering of Moderate Energy 
Neutrons. A. LANGsporF, JR., AND R. O. LANE, Argonne 
National Laboratory.—Measurements of the angular distribu- 
tions of the scattering of 0.1-1.5-Mev neutrons by various 
nuclei have been made at five laboratory angles, 22°, 54°, 92°, 
112° and 144° with neutrons from the Li’(p,")Be’ reaction: 
Five detectors, one at each angle, count simultaneously each 
with an efficiency of over 15 percent and a resolution of 1° to 
5°. Detection is accomplished with oil-immersed B F; counters, 
and the response with energy in this range is flat to better 
than 10 percent when calibrated with a long counter. No 
discrimination is made between elastic and inelastic scattering. 
These data were obtained with an energy resolution of 50-100 
kev. Though corrections for multiple scattering have not been 
made, they are minimized by the use of scatterers of at least 
90 percent transmission. Differential scattering cross sections 
are calculated from integration of the angular distribution for 
carbon and its known smoothly varying cross sections in this 
range. Scattering cross sections obtained in a similar manner 
for the various elements measured are in good agreement with 
prior published values.' 


iM. Walt and H. H. Barschall, Phys. Rev. 93, 1062 (1954). 

F4. Elastic Scattering of 14.6-Mev Neutrons. W. G. Cross 
AND R. G. Jarvis, Chalk River Laboratories.—The differential 
cross sections for elastically-scattered 14.6-Mev neutrons have 
been measured at 25 angles between 10° and 125° for Mg and 
Bi, and over a smaller angular range for Ca, Cd, and Ta. 
A beam of neutrons from the T(d,n)a reaction is defined by 
counting only neutrons in coincidence with a collimated beam 
of a particles from the reaction.' Plastic scintillators are used 
for both the a and neutron counters. The neutron counter bias 
rejects neutrons of less than 11 Mev. Gamma rays from 
inelastic scattering are rejected because of their flight time. 
To reduce the background (mainly accidental coincidences) a 
copper bar shields the neutron counter from the source. The 
disk-shaped scatterers scatter five to 10 percent of the incident 
neutrons, the thicker scatterers being used for measurements 
at large scattering angles. Angular resolution is about +3°. 
Minima in the angular distributions were found at the 
following angles (in degrees): Mg, 44+2, 11345; Ca, 4042, 
75+2; Cd, 3842, 8545; Ta, 3041; Bi, 2741, 5742. 

1G. K. O'Neill, Phys. Rev. 95, 1235 (1954 

FS. Interaction of 3.7 Mev Neutrons with Al, S, Fe, and 
Cu.* Ira L. MorGan, University of Texas.—Neutrons of 
energy 3.7 Mev from the d-d reaction have been used to in- 
vestigate the differential elastic scattering cross section of Al, 
S, Fe, and Cu, and gamma rays from inelastic scattering were 
also measured. A ring type geometry was employed with an 
overall resolution of 10° and scattering angles were varied 
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from 10° to 150°. The detector and monitor were ZnS(Ag) 
buttons. Data for Fe and Al are in general agreement with 
earlier work.' Comparison of elastic scattering curves to certain 
theories will be presented. A Nal(TI) crystal detector was 
placed at a scattering angle of 90°, and gamma rays produced 
by inelastic scattering were analyzed with a 20-channel 
analyzer. Gamma-ray energies were found to be generally 
consistent with earlier results,? obtained with 3.2 Mev neu- 
trons. However, we find additional gamma rays of higher 
energy from Fe and Cu, and the intensities are markedly 
different. Further work on excitation functions for inelastic 
scattering is in progress, 
* Assisted by the U. S. Atomic Energy Commission. 


1W. D. Whitehead and S. C. Snowdon, Phys. Rev. 92, 114 (1953). 
? Scherrer, Allison, and Faust, Phys. Rev. 96, 386 (1954). 


F6. Scattering of 4.4 Mev Neutrons by C, Ca, Fe, and Zr.* 
J. B. Weppett anv B. JENNINGS, Westinghouse Research 
Laboratories, AND R. L. HELLENS, Westinghouse Electric 
Corporation.—The neutron spectra from the scattering of 4.4 
Mev neutrons at 90° by carbon, calcium, and zirconium have 
been measured by the proton recoil photographic method 
Previously reported results from iron' have been revised after 
additional measurements. 
energy levels in Fe®* and Zr, and the estimation of differential 
elastic and inelastic scattering cross sections. Differential 
elastic cross sections at 90° are: C, 0.06140.016 b/sterad; 
Ca, 0.053+0.013 b/sterad; Fe, 0.07640.020 b/sterad; Zr, 
0.096 +0.024 b/sterad. Differential inelastic scattering cross 
sections for the first four excited states in Fe** are: (0.85 Mev), 
0.036+0.010 b/sterad;: (2.05 Mev), 0.021+0.007 b/sterad; 
(2.58 Mev), 0.012 +0.006 b/sterad; (2.90 Mev), 0.020+0.013 
b/sterad. Results for Zr are: (2.2 Mev), 0.009 +0.004 b/sterad: 
(2.8 Mev, existence doubtful), 0.008+0,.004 b/sterad. The 
results will be « ompared to predic tions based on the theory of 
Feshbach, Porter, and Weisskopf.* 

* Assisted by the joint program of the Office of Naval Research and the 
U. S. Atomic Energy Commission 


t Jennings, Weddell, and Hellens, Phys. Rev 
1 Feshbach, Porter, and Weisskopf, Phys. Rev 


The results permit location of 


1954 
1954 


95, 636 
96, 445 


F7. Gamma Radiation from the Interaction of 4.4-Mev 
Neutrons with Germanium and Tungsten.* Ror M. SIncLair, 
Westinghouse Research Laboratories. —Gamma radiation from 
samples of germanium and tungsten bombarded by 4.4+0.1- 
Mev neutrons has been observed. A single Nal (TI) crystal, 
shielded from the direct neutron beam by a “heavy metal” 
wedge, was used as the detector. Germanium emits gamma 
rays of energy 0.52 +0.02 (presumably annihilation radiation), 
0.59+0.02, 0.82+40.02, 1.0340.02, and 1.2340.05 Mev 
The 0.59 and 0.82-Mev gamma rays correspond in energy to 
transitions known! excited of Ge™ and Ge”, 
respectively. Tungsten emits two discrete gamma rays, of 
energy 0.63+-0.02 and 0.75+0.02 Mev 


from states 


* Supported by the joint program of the Office of Naval Research and 


the U. S. Atomic Energy Commission 
1G. Scharff-Goldhaber, Phys. Rev. 90, 587 (1953), and references cited 
therein 


F8. Analysis of Inelastic Neutron Scattering Data for Mn, 
Fe, and 1.* D. A. Linp anp J. J. Van Loer, University of 
Wisconsin.—Data on the inelastic scattering of neutrons by 
Fe, Mn and I have been reported.' The excitation curves 
reported have been analyzed using the transmission coeffi- 
cients 7; calculated for a square well potential of the form 
V =42 Mev (1+-4{) and R=1.45 AtX10-" cm with the theory 
developed by Hauser and Feshbach.* It is impossible to de- 
termine spin assignments unambiguously from the data. A 
7/2* assignment to the 128 kev level in Mn* gives the best 
fit. The Fe** excitation curve is fit best by the assignment of 
2+ but 1+ or 1— would give equally good fits. These are 
ruled out by the angular distribution of the 850-kev gamma 
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radiation. The distribution is given by W(6) =1+a:P;(6) 
+a,P (0) where a,=0.38+0.10 a,=0.16+0.05. The best fit 
of these data with theory is obtained for a £f =0.2. No unique 
spin assignment can be made on the basis of the excitation 
curves for the 62, 208, 435, and 632-kev levels of I. A compari- 
son of the total inelastic scattering cross section for I’ with 
the capture cross section calculated on the basis of theory 
indicates that a value of [ =0.2 is needed. 

© Research was supported by the U. S. Atomic Energy Commission a: 
the Wisconsin Alumni Kesearch Foundation 


1 Van Loef and Lind, Bull. Am. Phys. Soc. 29, No. 7, BS 
* Hauser and Peshbach, Phys. Rev. 87, 366 (1952 


1954 

F9. Fast Neutron Reactions in KI(T1) Crystals. Mary Jean 
Scott anp Raven E. Secer, Johns Hopkins University.—The 
heavy charged particle spectrum resulting from the bombard- 
ment of KI(T1) with neutrons has been investigated. Thin 
(~15 mil) KI(T1) crystals were mounted on photomultiplier 
tubes and the pulse-height spectra recorded in a 99 channel 
analyzer. For fast monoenergetic neutrons of energy less than 
3.5 Mev, a single peak was observed in the spectrum. The 
pulse height varied correctly with neutron energy if the group 
is identified with the reaction K¥(n,p)A™. At higher neutron 
energies, a broad peak appears in the spectrum at lower pulse 
height 
transitions to two excited states of A®* which have been pre- 


viously reported at 1.33 and 1.68 Mev.' 


This broad peak has been tentatively ascribed to 


The potentialities of 
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KI (TI) crystals for counting neutrons in various energy ranges 
will be discussed. 


1 Nussbaum, Van Lieshout, and Wapstra, Phys. Rev. 92, 207(L) (1953). 


F10. Secondaries from High Energy Neutron Interactions 
with Tungsten.* R. W. Wanrex, L. Garrino, R. GOLOSKIE, 
ano E. G. Strver,t Harvard University.—With the technique 
previously described, Tungsten wires of 13 microns diameter 
embedded in Ilford G5 emulsions were exposed to neutrons of 
40, 70, and 110 Mev maximum energy. The neutron spectra 
were hardened by inserting one mean free path of CH; at the 
respective energies. The spectra of the ejected protons and 
alpha particles are all peaked at energies far below the con- 
ventional Coulomb barrier. There is some evidence for the 
presence of a few peaks in the proton spectra. The angular 
distributions of the secondaries with energies below 10 Mev 
is anisotropic. Some evidence for localized interactions leading 
to the emission of nuclear fragments is provided by a few 
The process could be compatible with the assump- 
fission-like mechanism excited by 


instances 


tion of an asymmetric 


specialized oscillations of the nucleus 


* Supported by the joint program of the Office of Naval Research and the 
U. S. Atomic Energy Commission. 
t Now at Oak Ridge School of Reactor Technology. 
Waniek, Fox, Garrido, and Silver, Bull. Am. Phys 
1955 
7 E. G. Silver and R. W. Waniek, Rev. Sci 


Soc. 30, No. 1, 9 


Instr. 25, 119 (1954). 
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Radio-Frequency Spectroscopy, Il; Optical and Atmospheric Physics 


FAI. Interpretation of the Knight Shift in Metallic Sodium. 
rT. Kyecpaas, Jr., Westinghouse Research Labor AND 
W. Koun, C Institute of Technology The 
shift of the nuclear resonance frequency in metals is due to the 
of the 


The fractional shift is proportional to 


tlories, 
irnegie Knight 
interaction of the magnetic moments of nuclei and those 
conduction electrons 
the electron spin susceptibility, and Pr, the 
on electrons at the 


the product of x 
average probability density of conducti 
nucleus.' A calculation of Pr for metallic 


carried out, similar to one recently reported for lithium.* The 


sodium has been 


resulting value of P¢ =0.61 ao~* is in good agreement with the 


result of reference one, and when combined with the experi- 
mental value of the shift,’ vields x, = (0.86+0.03) X10~* cgs 


1 


mass units, in excellent agreement with the theoretical value 


of Pines.* The volume dependence of Pr was found to be small 
this would seem to rule out the possibility that the observed* 
large low-temperature anomaly is due to a change of Pr ina 
phase transformation 


Townes, Herring, and Knight, Phys. Rev. 77, 852 (1950 
*W. Kohn, Phys. Rev. 96, 590 (1954 
*H. S. Guttoweky and B. R. McGarvey 
*D. Pines, Phys. Rew. 95, 1090 (1954 
'*W. D. Knight, Phys. Rev. 96, 861 


J. Chem. Phys. 20, 1472 (1952 


1984 


FA2. Calculation of a Spin Resonance Equation. |. | 
Kaptan, United States Naval Research Laboratory.—A method 
is given for calculating the spin resonance equations under the 
following conditions: (1) the rf field may have any magnitude 


relative to the constant magnetic field; (2) the frequency of 
the rf field is monochromatic; (3) the system is defined by one 
relaxation time; (4) the rf intensity is assumed constant over 
the sample but the constant field may be inhomogeneous 


FA3. Theory of Magnetic Resonance Saturation.* E. P. 
Gross, Syracuse University. —We use equations which are 
generalizations of the Karplus and Schwinger type to study 
saturation in magnetic resonance absorption. Spin-spin inter- 
actions are in the Liouville term, while spin lattice interactions 
are represented by the stochastic term. For gases, the mag- 
netization satisfies equations differing from those of Bloch 
in the transverse components tend to relax to the instantaneous 
value of applied field. When spin-spin interactions are im- 
portant, a solution is obtained for line width small compared 
to the Larmor frequency. The solution agrees with Redfield’s' 
postulate that the density matrix is canonical in the rotating 
coordinate system for circularly polarized rf fields. The defects 
of Bloch’s equations are traced to using perturbation theory in 
analyzing the statistical behavior of a system in weak interac- 
tion with We develop a generalization of the 
Weisskopf-Wigner approach and find generalizations of the 
The restriction to processes 


a reservoir 


equations used in the foregoing 
near equilibrium made in irreversible thermodynamics is artifi- 
cial. We require that the line width due to reservoir interac- 
tion be small compared to the separation of combining 
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system levels; the spin system can deviate arbitrarily from 
equilibrium. 


* Supported by Office of Scientific Research, U. S. Air For 
1A. G. Redfield, Bull. Am. Phys. Soc. 30, No. 1, 43 (1958), abstract R4. 


FA4. Indirect Exchange Coupling of Nuclear Moments by 
Electrons in Semiconductors and Insulators. P. W. ANDERSON, 
Bell Telephone Laboratories.—The indirect exchange mecha- 
nism for nuclear moments proposed by Ramsey! for molecules 
and Kittel and Ruderman? for metals has been worked out for 
simple models of semiconductors and insulators. The mecha- 
nism nvolves the virtual excitation of triplet states by the 
hyperfine interaction. The result is rather similar to, but in 
some ways more general than, that of Bloembergen.* It ap- 
pears from our results that even for the case of metals con- 
sidered by Ruderman and Kittel, as well as for the present 
case in particular, the electronic states of interest have rather 
large energies relative to the Fermi level. This has two inter- 
esting physical consequences: (a) Coulomb interaction effects 
such as exciton formation are not important. (b) The accuracy 
of all such calculations is severely limited by the fact that 
effective mass approximation as well as constancy of the 
hyperfine interaction constants cannot be expected to hold 
well over such large energy ranges. Within the rather wide 
margin for error allowed by (b), comparison with the experi- 
mental results of Shulman, Mays, and McCall‘ for InSb and 
GaSb is satisfactory. 

iN. F. Ramsey, Phys. Rev. 91, 303 (1953). 

*M. A. Ruderman and C. Kittel, Phys. Rev. 96, 99 (1953). 

3 N. Bloembergen, Bull. Am. Phys. Soc. 30, 44 (1955) (to be published). 


*Shulman, Mays, and McCall, Bull. Am. Phys. Soc. 30, 43 (1955), 
abstracts R2 and R3. 


FAS. Quantum Theory of Dielectric Relaxation.* Jor. L. 
Lesow!Tz AND E. P. Gross, Syracuse University.—Dielectric 
relaxation in compressed gases has been studied' using a 
classical theory involving impacts of duration that are short 
compared to the resonant period, the period of the applied 
field, and time between collisions. The present work deals 
with the unified treatment of the discrete rotational lines at 
low pressures, the continuous absorption determined by quan- 
tum and inertial effects at intermediate pressures, and the 
Debye absorption at high pressures. This is accomplished with 
the impulsive model by using the Wigner distribution func- 
tion to construct quantum kinetic equations from the classical 
theory. Our quantum characterization of impulsive collisions 
is that the diagonal elements of the density matrix in the posi- 
tion representation are unchanged by collisions. Analysis of the 
resulting absorption justifies using classical theory to estimate 
inertial effects at higher pressures, and confirms the connec- 
tion between collision frequency and Debye relaxation time 
noted earlier. 

* Supported by Office of Scientific Research, U. S. Air Force. 


1 E. P. Gross, Phys. Rev. 97, 395 (1955); Bull. ‘Am. Phys. Soc. 30, No. 1 
(1955), abstract TA14. 


FA6. An Application of the Photomultiplier to the Inter- 
ference Spectroscope.* Josera G. HirscuserG, University of 
Wisconsin.—Following ideas developed especially by P. 
Jacquinot' and in this laboratory, the liquid-air cooled photo- 
multiplier is applied to the study of fine details in complex 
spectrum lines with the Fabry-Perot interferometer. Sweeping 
is accomplished alternatively by varying air pressure or by 
actually varying the spacer distance mechanically. The inter- 
ferometer is coupled with a 21-foot concave grating in a double- 
pass modified Wadsworth mounting? and the two are swept in 
synchronism. The system is applied to the spectrum of helium. 

* Supported by the Wisconsin Alumni Research Foundation and by the 
Office of Ordnance Research. 


1 Private communication 
1 E. Hulthén and E. Lind, Arkiv Fysik 2, 253 (1950). 
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FA7. Isotope Shift Nonlinearities in the Spectrum of Cad- 
mium. W. M. Coup, University of Wisconsin.*—Measure- 
ments of spectrograms of cadmium, taken with an atomic 
beam source (constructed under the direction of Dr. Arroe) 
and a Fabry-Perot interference spectrograph (with dielectric 
coatings supplied by Professor Jacquinot) yield tenta- 
tive results for the transition «Cd II], #22640, (4d”Sp*P,,,° 
—4d°5s**D,),) in fair, but not complete, agreement with 
other work! on the same line, as shown in the following table 
of shifts in mK (where S refers to the strongest component): 


Isotope 106 108 11S 110 4113S 112 114 116 
Sw 0 54 105 
M* — 106 — 56 —20 0 3S $5 109 147 
HK 0.0 $3.3 101.2 135.6 
Ww Ss —412.2 ~—S1.2 -15.2 0.0 39.4 S3.1 9.9 135.6 
This work ~—113.2 ~—52.1 -—189 00 35.2 S35 84 134.0 


* Supported by Office of Naval Research and Office of Ordinance Re- 


search. 
1H. Schiller and H. Westmeyer, Z. Physik 82, 685 (1933). 
*K. Murakawa, Phys. Rev. 93, 1232 (1954). 


* Hindmarsh, Kuhn, and Ramsen, Proc. Phys. Soc. (London) A67, 478 
(1954). 
*E. C. Woodward and D. R. Speck, Phys. Rev. 96, 529(A) (1954); see 


E. C. Woodward, Phys. Rev. 93, 948(A) (1954). 


FA8. Isotope Shift in the Ionized Spectrum of Carbon.*t 
C. R. Burnert, Pennsylvania State University.—The isotope 
shift between C* and C* in the 2s2p?*P —2p**D transitions 
of ionized carbon has been resolved using a Fabry-Perot 
interferometer. Preliminary measurements are 0.94 K for 
A2512 2s2p? *Pay2—2p* *Dsiz and 0.89 K for 2509 2s2p**P 1/2 
—2p?*Ds. with the C™ component at higher frequency in 
both cases. The calc oath normal mass effect is 0.14 K. The 
difference in shift for the two lines appears to be real, as is 
also the case for the 2s2p* *S—2s*3*P transitions.' Excitation 
of the enriched sample of C™ consisted of a mild condensed 
discharge in a hollow cathode source cooled with liquid nitro- 
gen. It is to be noted that the above configurations differ in 
the number of 2s electrons and should thus be sensitive to 
nuclear volume effects. It is planned to continue this study 
using an enriched sample of C™. 

* This study was initially supported at South Dakota State College by 
Engineering and Science Research funds. 

t This project is now supported by a grant from the Research Corpora- 


tion. 
'C. R. Burnett, Phys. Rev. 80, 494 (1950). 


FA9. Mesonic X-Rays from Capture of Cosmic Ray Mu 
Mescns in a Chemical Compound. A. FararRMAN AND M. H., 
Suamos, New York University.—Measurements of the x-rays 
emitted by mesonic carbon and oxygen atoms have been 
made, using a different experimental arrangement than that 
reported for Pb. A tank (~4 liters) of liquid scintillator, 
dioxane, C,O:H,, (plus 10 g/1 of p-terphenyl) served as the 
absorber and as the detector for the stopping of cosmic ray 
mu mesons. The mesons were identified by the method of 
delayed coincidences (u—8 event). The mesonic x-rays from 
the dioxane were detected by a coincidence scintillation spec- 
trometer (y pulse), which included a 4 in. diam X } in. thick 
Nal crystal together with a 5 in. diam 6364 photomultiplier. 
Those y pulses in coincidence with the u of u—8 events (uy —8 
events) were lengthened and their pulse height recorded on a 
recording milliammeter. The time distribution of the delayed 
coincidences (uwy~8 events) was recorded by a 4-channel 
delay discriminator over the delay interval 0.5 to 8.0 usec. 
It was possible to study the mesonic x-rays with essentially no 
background, and with no contribution from nuclear absorption 
gamma radiation nor from (decay beta particle) brems- 
strahlung. The measured 2p—1s transition energies of 82 kev 
and 145 kev for carbon and oxygen respectively agree with 
the simple Bohr orbit calculations. The observed ratio of 
captures by oxygen and carbon (0.3340.04) does not agree 
with the Z dependence predicted by Fermi and Teller for 
mesonic atom formation by this chemical compound (0.67), 
nor with the simple stopping power calculation (0.50). 








624 


FAI10. Dispersion Electrons and Refractive Index in the 
Soft X-Ray Region.* D. E. Bevo ann D. H. Tompovuttian, 
Cornell University.—Recent investigations indicate that the 
continuous soft x-ray spectrum emitted by electrons ac- 
celerated in a synchrotron' may serve as a source of known 
spectral distribution. In conjunction with expressions? for the 
reflecting power of a glass grating, the spectrum of such a 
source was utilized to evaluate the refractive index of the 
grating material. The index is found to increase from 0.915 
at 180 A to 0.950 at 380 A. The real decrement of the refrac- 
tive index has the form AX*Q. If the material of the grating be 
regarded to possess the SiO, structure, and if Q may be as- 
sumed to represent the number of dispersion electrons per 
SiO; molecule, then computed values of Q drop from almost 
24 at 180 A to 3 at 380 A. This suggests that at the shorter 
wavelength all L and M shell electrons of the molecule par- 
ticipate in the dispersion process, while at the higher wave- 
length only the M electrons are effective. 

* Supported by the Office of Ordnance Research, U. S. Army 


'p L Hartman and D. H. Tomboulian, Phys. Rev. 91, 1577 (1953 
1G. C. Sprague (to be published). 


FA11. Preliminary Experiments on X-Ray Microscopy by 
Reconstructed Wave Fronts.* Hussein M. A. Ei-Sum anpD 
ALpert V. Baez, University of Redlands.—The point-focus 
x-ray tube at the University of Redlands has been used for 
making shadow projection microradiographs of biological and 
metallurgical objects. Depending on the geometrical arrange- 
ment of source, object, and film, the shadow may lose its 
sharpness and exhibit a diffraction pattern of the object. 
Using continuous radiation from Al, Ag, and Au targets, 
holograms of simple objects like single wire, fine grid and sharp 
edge were made, showing up to three fringes. The appearance 
of the diffraction fringes in these holograms differs from those 
using visible radiation, due to the absorption of the x-rays by 
the diffracting object. Any possible discrepancy between our 
results and our formula connecting source size, number of 
registered fringes, film resolution, wavelength, and geometrical 
parameters can be attributed to the fact that nonmonochro- 
matic x-radiation was used. The reconstruction of such x-ray 
holograms using visible radiation will be discussed 

* Supported in part by grants-in-aid from the Research Corporation, the 


Office of Naval Research and the American Cancer Society upon recom 
mendation of the Committee on growth of the National Research Council 


SESSIONS FA AND G 


FA12. Atmospheric Attenuation of Solar Millimeter Wave 
Radiation. H. H. THetssinG anv P. J. CapLaAn.—The instru- 
mentation consisted of a 60 in. searchlight parabola, f=25.5 
in., in the focus of which was a thermal detector with a sensi- 
tive area about 8 mm in diameter, which approximately equals 
the geometric image of the sun. A set of black filters suppressed 
the powerful visible and near infrared solar intensity. A filter 
method was chosen to determine the intensity distribution of 
the millimeter spectrum. These spectral measurements, which 
will be described in a separate publication, showed a peak at 
about 1 mm. For this spectrum the atmospheric attenuation 
a (per km per percent H,O vapor) was measured by observing 
the solar signal during greatly varying humidity conditions 
At the same time, the percentage water concentration (c) from 
ground level up to 20 000 feet was known from balloon data, 
which made it possible to treat the upright path as if it were a 
horizontal path. If ¢@ is the average water vapor concentration 
in the sun’s total atmospheric path d—varying with various 
elevation angles—the observed signal S will be proportional 
to exp(—atd). Plotting, therefore, logS vs ¢d actually furnishes 
a plot of —atd vs td, which should be a straight line with the 
slope —a. The experimental value of a obtained in this way 
was compared with atmospheric attenuation data computed 
by T. F. Rogers.* 

* Atmospheric millimeter absorption data computed and pus Ks 


the Navy Millimeter Wave Conference in Washington, 1953, by 
Rogers, Air Force Cambridge Research Center (unpublished). 


FA13. A Comparison of Observed Drop-Size Distributions 
in Clouds and Rain with Proposed Analytical Expressions.* 
SHerparp Bartnorr, Tufts College-—The two functions, 
y(x) = (m In2)x™~ exp(—x™ In2) derived from Best’s' formula 
and y,(x)=AX‘!»)-1(2—x'/")§ developed by Atlas and 
Bartnoff,? are compared and are found to be nearly identical 
with respect to distribution parameters obtained from natural 
clouds and rain. The moments us, ws, and ws computed from 
individual distributions are found to be highly correlated with 
similar moments obtained from the family of curves described 
by Best's function, indicating that natural distributions in 
clouds and rain can be satisfactorily represented analytically. 

* This work is supported by a contract with the Air Force Cambridge 
Research Center 


1A. C. Best, Quart. J. Roy. Meteorol. Soc. 76, 16-36 
2D. Atlas and S. Bartnoff, J. Meteorol. 10, 143-148 
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(J. BARDEEN presiding) 


Semiconductors, I 


G1. Ionization and Solubility of Impurities in Semicon- 
ductors.* C. S. Futter anp Howarp Ress, Bell Telephone 
Laboratories. —Impure semiconductors like Ge and Si behave 
like dilute aqueous solutions in that, in both instances, the 
equilibrium solubilities of ionic impurities in them depends 
on the ionization of the media as well as upon the ionization of 
other solutes present.' Using simple mass action law argu- 
ments, relations have been developed* for the specific case of 
the equilibrium solubility of the donor Li in silicon as a func- 
tion of known dopings of the acceptor boron at different tem- 
peratures. These relations have been tested experimentally by 
determining the changes in resistivity of a series of specimens 
of p-type silicon containing up to 5.610" boron/cm’. The 
observed solubilities are found to be in satisfactory agreement 


with theory thus validating the empirical mobilities as well as 
the essential correctness of the theory. The maximum in the 
solubility curve of Li in undoped Si as a function of tempera- 
ture previously observed’ can be explained by the increase in 
intrinsic electron concentration with temperature. 
* J. Chem. Phys. (to be published 
H. Reiss, J. Chem. Phys. 21, 1209 (1953) 


*H. Reiss and C. S. Fuller, Phys. Rev. 97, 559 (1955) 
*C. S. Fuller and J. A. Ditzenberger, Phys. Rev. 91, 193 (1953). 


G2. Electron Capture Probability of the Upper Copper 
Acceptor Level. J. F. Batrey anp R. M. Baum, Sylvania 
Electric Products.—Copper has been diffused into originally 
n-type germanium to such an extent that the upper acceptor 
levels introduced by the copper atoms are approximately half 
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populated.' It has been shown previously that the upper copper 
levels in germanium act as recombination traps* Using ap- 
proximations appropriate to the circumstances, the minority 
carrier lifetime’ is expected to be inversely proportional to 
the electron capture probability of the levels over the tem- 
perature range investigated. It is found in contrast to pre- 
viously reported measurements‘ on samples with unknown 
recombination level structures that the lifetime decreases 
exponentially with increasing temperature. A suggested inter- 
pretation is that only electrons of energy greater than 0.22 ev 
above the bottom of the conduction band can enter the upper 
copper acceptor levels. 

1J. F. Battey and R. M. Baum, Phys. Rev. 7“ aase (1954). 

2 J. A. Burton et al., J. Phys. Chem. 57, 853 (1953). 


§W. Shockley and W.T. Read, Jr., Phys. Rev. 87, 835 (1952). 
R. N. Hall, Phys. Rev. 87, 387 (1952). 


G3. Two-Carrier Model of p-type Germanium at 77°K. 
E. N. Apams, R. E. Davis, AnD COLMAN GOLDBERG, Westing- 
house Research Laboratories.—The conduction mobility at 
liquid air temperature was studied for samples of p-type 
germanium ranging in impurity content from about 10" to 
4X10". Appreciable dependence of the mobility on impurity 
content was found even for samples of impurity content less 
than 10. The field dependence of the Hall constant and mag- 
netoresistance was measured for each sample. An analysis of 
these data suggest that for samples with impurity concentra- 
tions below 10 the dependence of the mobility on impurity 
content originates in impurity scattering of fast holes. Pre- 
liminary interpretation of the data on a two-carrier model 
indicates that the parameters which give the best fit are some- 
what different from those found at higher temperatures.' 


' Herman, Willardson, and Beer, Phys. Rev. 96, 1512 (1954). 


G4. Mobility of Holes in Germanium-Silicon Alloys. A. 
Levitas, Sylvania Electric Products.—Hall and resistivity 
measurements have been performed on nine samples of p-type 
germanium-silicon alloys ranging in composition from 100 
percent germanium to 100 percent silicon. The measurements 
were performed in a temperature range extending from 80°K 
to 390°K. Brooks! has predicted that alloy scattering will have 
a significant effect on the mobilities of the alloys, and the 
measured mobilities are consistent with this prediction. At 
reduced temperatures the mobilities depart from a power law 
in temperature in a manner which suggests the operation of a 
mechanism which becomes increasingly important as the com- 
position of the alloy is changed from 100 percent of one 
constituent toward a 50 percent alloy. This mechanism is pre- 
sumably alloy scattering. The behavior is masked to some 
extent by impurity scattering, and an attempt will be made to 
correct for this effect. 


1H. Brooks (private communication). 


G5. Modulation of Schottky Emission from Metal Point 
Contacts to Germanium. G. WaLLis AnD J. F. Battey, 
Sylvania Electric Products—A new confirmation has been 
found for the Schottky emission diode theory of reverse cur- 
rent by Simpson and Armstrong.' The surface barrier, ¢, of 
germanium diodes (15 to 25 ohm-cm, n-type with pulsed 
tungsten whiskers) was modulated by the ambient cycle dry 
oxygen, wet oxygen, ozone.* Changes in ¢ on the free surface 
were monitored by contact potential measurements. Simul- 
taneously measured changes in pulsed reverse diode current, 
i, were consistent with theory, if it was assumed that ¢ under 
the whisker changed in the same direction as on the free 
surface. Theory' predicts the observed voltage dependence of 
the current changes with ambient, Ai/i—AA¢(1—B/V‘), 
where A and B are positive constants for a given contact, V 
is the reverse bias, and Aiand A¢ are the changes with ambient 
in ¢ and ¢. Such analysis of high voltage diodes shows ¢ to be 
between 0.60 and 0.65 ev, the field due to the holes at the con- 
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tact to be about 5X10* volts/cm, the field due to V about 
10*V volts/cm. 


. Appl. Phys. 24, 25 (1953). 


yt Simpson and H. L. Armstrong, 
ystem Tech. J. 32, 1 (1953). 


. H. Brattain and J. Bardeen, Bell 


G6. Forward Characteristic of Germanium Point Contact 
Rectifiers. M. Cur_er, Hughes Aircraft Company.—A quanti- 
tative discussion of the forward characteristic is given for 
point contact rectifiers. It is based on the combined solution 
of the emission equations for the barrier’ and the diffusion 
equations for the bulk region.* It shows that the theoretical 
value of dinJ/dV in the exponential region is nearly q/kT, 
and that the experimental slopes which are a fraction of this 
value cannot be the result of the spreading voltage. Recom- 
bination of injected carriers has little effect except at large 
currents beyond the exponential region. Relations are derived 
for the limit of very large currents, which show that gamma 
approaches a value smaller than (1+6)~, the hole concentra- 
tion at the contact approaches a maximum value proportional 
to the equilibrium concentration of holes at the surface, and 
the spreading voltage becomes a linear function of the current. 


1M. ~~ Phys. Rev. 96, 255 (1954). 
1 J. A. Swanson, J. Appl. Phys. 25, 314 (1954). 


G7. Silicon Conductivity Modulated Diffused p—n Junc- 
tion Rectifier. M. B. Prince, Bell Telephone Laboratories.— 
Impurity diffused type silicon rectifiers' can now be made 
incorporating the feature of conductivity modulation. These 
devices, using areas of 0.1 cm’, conduct more than 35 amperes 
at 1 volt in the forward direction. It will be shown that com- 
plete conductivity modulation of the device leads to a constant 
voltage drop independent of the forward current. Thus the 
effective series resistance of the device is about 0.005 ohm for 
0.1 cm? wafers. 


1G. L. Pearson and C. S, Fuller, Proc. Inst. Radio Engrs. 42, No. 4 


(1954). 


G8. Sensitization of Photoconductivity in PbSe. James N. 
Humpurey, lL’. S. Naval Ordnance Laboratory, and University 
of Maryland.—The sensitization of PbSe films has been in- 
vestigated using oxygen, sulfur, selenium, and the halogens as 
sensitizers. Each sensitizer acts as an acceptor impurity, con- 
verting n-type films to p-type, at the condition of maximum 
resistance. At —195°C each sensitizer produces photocon- 
ductivity with minimum time constants of about 15 micro- 
seconds. At 25°C measurable sensitivity (r~1 microsecond) 
results only if oxygen is introduced, alone or with another 
sensitizer. It is believed that each sensitizer produces surface 
states giving the resistance maximum and change of carrier 
sign. At —195°C the observed 15 microsecond time constant 
is identified with that of recombination centers which are 
present independent of sensitization. Any sensitizer able to 
raise the dark resistance will produce photoconductivity with 
this r. At 25°C the recombination center time constant is 
shorter, probably 10~* second or less. This is too short to 
yield measurable photoconductivity. Oxygen, however, in 
addition to producing surface states, enters the lattice. The 
resulting ions represent traps with very short capture times 
and longer decay times (~1 microsecond at 25°C). These 
traps compete with the recombination centers, capturing 
optically excited electrons and delaying recombination. The 
resulting free holes produce photoconductivity having a 
7™~1 microsecond. 


G9. Silicon Analysis for Boron by Thermal Neutrons. E. G. 
K. Scuwarz, Signal Corps Engineering Laboratories.— 
Simultaneous alpha counting under thermal neutron irradia- 
tion offers an extremely sensitive method to analyze ultra 
pure silicon for boron impurities. Alpha-counting rates were 
calculated in terms of boron concentration and thermal neu- 
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tron flux for a thin alpha-saturated flat silicon sample. The 
most suitable technique for this analysis is scintillation count- 
ing by means of a silver activated zinc-sulfide screen in 
connection with a photomultiplier tube. It was estimated that 
the sensitivity of spectrochemical analysis can be surpassed by 
more than four orders of ten when the highest available 
thermal neutron fluxes are utilized. Interferences originating 
from gamma background radiation and from Li® traces which 
may be present in the neighborhood of the detector are 
discussed 


G10, Hall Effect and Conductivity of InSb. H. J. Hrostow- 
ski, F. J. Morin, T. H. Gepatve, anno G. H. WHeatcey, Beil 
Telephone Laboratories.—High purity InSb has been prepared 
by zone refining.’ Single crystal samples with total impurity 
concentration of 10% cm™* have electron and hole mobilities 
much higher than previously reported.? Hall mobilities at 
78°K are 3.7 X10 cm*/volt sec for electrons, and approxi- 
mately 10* cm*/volt sec for holes. Impurity scattering con- 
tributes appreciably to the observed electron mobility up to 
300°K. Lattice scattering mobilities of both electrons and 
holes have temperature dependence different from 7-!. With 
an effective electron mass of 0.015 m the electron lattice 
scattering mobility is proportional to T7-'7. Determination of 
Hall mobility for positive holes is complicated by the variation 
of the Hall coefficient with magnetic field’ in p-type material 
Estimation of the ratio of Hall to conductivity mobility indi- 


cates nonspherical energy surfaces in the valence band. Low 
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temperature measurements show no ionization of donors. 
In p-type InSb below 10°K impurity band conduction is ob- 
served.‘ Above 10°K acceptors are ionized. The activation 
energy is 7+1X10~* ev. An effective hold mass between 0.1 m 
and 0.25 m is required to fit the experimental data. 
'W. G. Pfann, Trans. Am. Inst. Mining Met. Engrs. 194, 747 (1952). 
20. Madelung and H. Weiss, Z. Naturforsch. 9a, 527 (1954). 


* Harman, Willardson, and Beer, Phys. Rev. 95, 699 (1954). 
*C. S. Hung and J. R. Gliessman, Phys. Rev. 96, 1226 (1954). 


G11. Effects of Hydrostatic Pressure on the Conductivity 
of InSb. Ropert W. Keyes, Westinghouse Research Labora- 
tories.—The effect of high hydrostatic pressures on the elec- 
trical conductivity of m and p type specimens of InSb has been 
measured in the temperature range —80° to +270°C. Pres- 
sures up to 12 000 kg/cm* were employed. The energy gap 
was found to increase at a rate 1.510-* ev/atmos, a value 
slightly less than that found by Long and Miller.’ The varia- 
tion of the carrier mobilities with pressure is obtained from 
the changes in conductivity in the exhaustion range. The 
mobility of the electrons decreases with increasing pressure 
and is approximately inversely proportional to the energy gap. 
The mobility of the holes is almost independent of pressure. 
A simple picture of the band shapes which allows these 
mobility effects to be understood and which is in accord with 
other data on InSb will be suggested. 


1D. Long and P. H Am. Phys. Soc. 30 No. 1, 53 


1955), abstract V8 


Miller, Jr., Bull. 
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Exhibit Hall II 


(R. PEPINSKY presiding) 


Ferroelectricity and Ferromagnetism 


GAl1. Guanidine Aluminum Sulfate Hexahydrate—A New 
Ferroelectric Material. A. N. Hoven, B. T. Marrutas, W. J 
Merz, anp J. P. Remetxa, Bell Telephone Laboratorie 
Guanidine aluminum sulfate hexahydrate' is ferroelectric over 
a large range of temperatures including room temperature 
It is the parent of a family of materials in which the aluminum 
cation and the sulfate anion can be replaced by the anions 
and trivalent cations which form alums, for example Ga’*, 
Cr**, and SeO, has so far 
proved impossible with perfect 


Replacement of guanidine 
The 
cleavage in the basal plane ; the trigonal axis is the ferroelectric 
The space group is Cy.(2)—P31m, and the unit 
It can be readily grown from 


material is trigonal, 
direction 
cell contains three molecules 
water solution by standard techniques." 


1908 
1949) 


! PFerraboschi, Cambridge Phil. Sox 


14, V, 473 
* Holden, Discussion Faraday So 12 


No. 5, 3 


GA2. Electrical Properties of Guanidine Aluminum Sulfate 


Hexahydrate (G.A.S.H.) and Some Isomorphs. W. J. Merz, 
J. P. Remwerka, A. N. Hotpen, ano B. T. Marraias, Bell 
Telephone Laboratories.—At room temperature very sym- 


metrical and square hysteresis loops can be obtained with 
G.A.S.H. The spontaneous polarization is about P,=0.35 
microcoulomb/cm*. G.A.S.H. is thus a weak ferroelectric 
crystal similar to rochelle salt and in contrast to BaTiO,. 
The coercive field strength is strongly frequency dependent; 


60 cycles per sec E,=1500 volts per cm. The small signal 
dielectric constant is only about 15 along the ferroelectric axis 
and about 5 perpendicular to it. Very little change in the 
dielectric constant is observed when the crystal is heated. 
Above 100°C, where the crystal starts to lose water of crystal- 
lization, no reproducible results can be obtained, and hence no 
determination of the Curie point could be made. The polariza- 
tion P, decreases linearly with increasing temperature sug- 
gesting a C temperature of 200°C-300°C. The 
coercive field E, increases rapidly at low temperatures. The 
ferroelectric properties of the isomorphs are very similar to 
those of G.A.S.H. If crystals are subjected to square electrical 
pulses the switching time ¢, becomes shorter the higher the 
applied field, as in the case of BaTiO,;,' though the switching 
time of G.A.S.H. is longer. 


irie about 


1W. J. Merz, Phys. Rev. 95, 690 (1954) 

GA3. Oxygen Parameters of the FeFe,._.)Cr.O, Spinel 
System.* H. J. Yeartan ano W. D. Dersysuire, Purdue 
University. —Oxygen parameter measurements of powdered 
samples of spinels of the FeFe,:_.)Cr,O., O0Sx32, system 
have been made at room temperature by x-ray diffraction 
intensity methods. The value of the parameter, which meas- 
ures the space available to the cation in a tetrahedral position, 
was found to vary monotonically from 0.378+0.002 at x=0 
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to 0.387 +0.002 at x =2. The samples were prepared according 
to the process described by Yearian, Kortright and Langen- 
heim.' They interpreted the lattice parameter measurements 
of these spinels as indicating that: from x=0 to x=0.3 the 
structure is completely inverse; from x=1.28 to x=2.0 it is 
completely normal; between these two regions is a region in 
which the structure undergoes a transition between these two 
types. The results of this investigation support this interpreta- 
tion. In the region from x = 1.28 to x =2.0 the oxygen param- 
eter is essentially constant and in the region from x=0.3 to 
x = 1.38 it increases in an approximately linear manner. The 
accuracy of the results is not sufficient to indicate if the 
oxygen parameter is essentially constant in the region from 
x=0 to x=0.3. 


* Supported, in part, by the Office of Naval Research. 
! Yearian, Kortright, and Langenheim, J. Chem. Phys. 22, 1196 (1954). 


GA4. Ionic Equilibrium in a Series of Magnesium-Man- 
ganese Ferrites.* C. J. KriessMAN AND S. E. HARRISON, 
Remington Rand Inc.—Samples of Mg,Mmi_,Fe:O, with 
values of y=0, 0.10, 0.25, 0.50, 0.75, 0.90, 1.0 have been 
sintered at 1500, 1400, and 1300°C and quenched from various 
temperatures in both air and water. Saturation magnetization 
and x-ray measurements have been made to determine the 
fraction x of Mg** ions on A sites. For samples sintered at 
1400°C the saturation magnetization, uo, decreases from 5.0 to 
2.6 Bohr magnetons as y increases from 0 to 0.75; as y in- 
creases to 1.0, wo increases to 3.2. MgosMno.:.Fe:O, has been 
sintered at various high temperatures up to 1500°C and 
quenched from temperatures between 1500°C and 400°C; 
saturation magnetization values and the resulting ionic dis- 
tributions have been determined. These data fit a Boltzmann 
type distribution in which the activation energy is dependent 
on x: 9=0@)—6,x. This behavior is analogous to the previously 
reported data on MgFe,0,.' The effects of sintering tempera- 
ture, rapidity of quench, and chemical decomposition on the 
magnetic moments of this system will be discussed. 

* Supported in part by the Office of Naval Research. 


1 Kriessman, Harrison, and Callen, Bull. Am. Phys. Soc. 30, No. 2, 
39 (X4) (1955). 


GAS. Effect of Aluminum on the Saturation Magnetic 
Moments of Iron-Cobalt Alloys. B. R. CoL_es* anp W. R. 
Biter, Carnegie Institute of Technology (introduced by J. E. 
Goldman).—It is well known that the saturation moment of 
iron (expressed in Bohr magnetons per iron atom) is almost 
unchanged by the addition of small amounts of such elements 
as zinc, aluminum, and silicon. This behavior is in marked 
contrast to that of nickel and it has been suggested that 
3d-band holes of both spin directions exist in pure iron. It 
has further been suggested! that such a picture of iron leads to 
a reasonable interpretation of the flat maximum in the 
saturation moment against composition curve for iron-cobalt 
alloys. The saturation moments of various iron-cobalt alloys 
with additions of 5 percent and 10 percent of aluminum have 
been measured, and the preliminary results seem to bear out 
the above suggestions. Small aluminum additions decrease 
markedly the saturation moments of alloys on the cobalt-rich 
side of the iron-cobalt saturation moment maximum, but the 


saturation moment per transition metal atom of the iron- 
rich alloys is little affected by initial aluminum additions. 


* On leave of absence from Imperial College, London, England. 
! B. R. Coles and W. Hume-Rothery, Advances in Phys. 3, 149 (1954). 


GA6. Ferromagnetic Structure of Uranium Hydride. M. K. 
Wivkinson, C. G. SHuLL, anp R. E. RunbLE,* Oak Ridge 
National Laboratory.—Neutron diffraction patterns have been 
obtained for polycrystalline samples of UD, and UHs at 
various temperatures from 20°K up to room temperature in an 
investigation of the ferromagnetic structure which develops 
below 175°K. Coherent ferromagnetic scattering is found in 
several reflections at low temperatures and these disappear at 
temperatures in the vicinity of the reported Curie tempera- 
ture. From these ferromagnetic reflections it is established 
that the lattice ordering is of simple ferromagnetic type with 
all atomic moments possessing closely the same moment value 
and oriented in the same direction. Paramagnetic diffuse 
scattering is seen at the higher temperatures and this taken 
with the ferromagnetic scattering suggests a magnetic form 
factor for the uranium ion which has strong orbital moment 
characteristics. Comparisons will be drawn between the 
observed form factor and those calculated for various elec- 
tronic configurations of the uranium ion, 


* At Ames Laboratory, Iowa State College. 


GA7. Ferromagnetism of Iron. JoserH CaLtaway, Uni- 
versity of Miami.—A previous calculation of energy bands in 
unmagnetized iron' has been extended by the inclusion of 
magnetic effects. The change in exchange energy when one 3d 
electron per atom reverses its spin has been calculated from 
the Hartree Fock equations using a 3d wave function calcu- 
lated for one of the unmagnetized crystal states. This energy 
is between —1.58 and —1.23 ev. The 3d—4s exchange tends to 
magnetize the 4s electrons, and about 0.1 4s electron per atom 
will participate in the magnetization. The magnetization 
tends to split the d bands into halves occupied by the different 
spins ; corresponding levels are split by between 2.5 and 3.2 ev. 
The magnetization of a few 4s electrons is important in com- 
puting the increase in kinetic energy which opposes magnetiza- 
tion; this increase is computed from the density of states 
curve to be about 1.13 ev. The residual ferromagnetic tendency 
at absolute zero is thus between 0.10 and 0.45 ev per atom 
Correlation effects are estimated to be small. 


1 J. Callaway, Bull. Am. Phys. Soc. 30, No. 1, C1 (1955) 


GA8. Calculation of the Discontinuity in the Specific Heat 
of Gadolinium.* Harry A. Brown, Oberlin College.—Using the 
cluster approach of Bethe-Peierls-Weiss' and adding the ap- 
proximation that the spins can be considered to be classical 
vectors (gadolinium has a spin of 7/2) it is possible to calcu- 
late the discontinuity which occurs in the specific heat curve 
as it passes through the Curie temperature. The value pre- 
dicted is 5.5 cal/M. The measured value’ is 7.0 cal/M which 
is satisfactory in view of the limitations of the cluster ap- 
proach. The theory also predicts a 1/7? decrease above the 
Curie temperature which is verified by the experimental data. 

* This research has been assisted by the Wisconsin Alumni Kesearch 
Foundation. 


'P. R. Weiss, Phys. Rev. 74, 1493 (1948 
4 Griffel, Skochdopole, and Spedding, Phys. Rev. 93, 657 (1954) 
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GA9. Spin-Wave Resonance in Ferromagnetic Metals. G. T. Rapo, U. S. Naval Research Labora- 
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Hi. Yields of Mesonic K and L Series X-Rays. J. B. Platt, University of Rochester. (30 min.) 
H2. Intensities and Energy Shifts of Transitions in Pi-Mesonic Atoms. M. B. Stearns, Carnegie 


Institute of Technology. (30 min.) 


H3. Electric Quadrupole Transitions in Nuclei. A. W. Sunyar, Brookhaven National Laboratory. 


- (30 min.) 
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(30 min.) 


Scuirr, Stanford University. 


THURSDAY AFTERNOON AT 2:00 


Caribar Room 


P. WIGNER presiding) 


Theoretical Physics II, Mainly Scattering Theory 


HAI. (Abstract withdrawn 


HA2. Variational Treatment of Elastic Scattering of Elec- 
trons from Hydrogen.* M. C. Newstein,t M.J.T. (introduced 
by P. M. Morse).—Stationary expressions are derived for the 
direct and exchange scattering amplitudes.’ Calculations are 
made of the direct amplitudes corresponding to scattering 
from a static, as well as from the actual, potential. Comparison 
of these two results shows that for 1.2 volts the mayor effect of 
polarization is to greatly decrease the direct cross section, 
while for 3.4 and 9.5 volts the major effect is a reduction in the 
forward and backward values of the direct amplitude. Calcula- 
tions made of the complete cross sections including exchange 
give results in good agreement with those of Morse and Allis? 
for 3.4 and 9.5 volts. A cross-section theorem used by Boyet 
and Borowitz? is found to be not applicable to the determina- 
tion of total cross sections when Born fields are used with the 
stationary expressions. 

* Supported by the Office of Naval Research 

t Now at the Harvard College Observatory 

t The expression for direct scattering is the same as the 
Borowitz and Friedman, Phys. Rev. 89, 441 (1953 


t Allie and Morse, Phys. Rev. 44, 269 (1933 
yyet and Borowitz, Phys. Rev. 93, 1225 


me given by 


1954 


HA3. Many Body Effects in Nuclear Scattering of Electrons. 
R. R. Lewis, Jr.,* University of Michigan.—Most present 
calculations of the nuclear scattering of electrons neglect 
transitions out of the ground state, in which case the scattering 
depends only on the ground-state charge distribution. In 
principle the scattering will actually depend as well on the pair 
distribution function, etc. The existence of these terms in 
second-order perturbation theory has been investigated,' and 
calculations have been made for light nuclei. The calculation 
involves a twofold assumption: that only plural scattering is 
important, and that the proton velocities are small compared 
to the electron velocity. These assumptions pertain to light 
nuclei, at not too high electron energies (<300 Mev). In the 
calculations a phenomenological pair distribution function is 
assumed for simplicity. Correction terms depending on the 
proton velocity are estimated as well. The dependence on the 
pair distribution function in the model independent region will 
also be discussed. 


* Now at University of Notre Dame 
! Similar calculations have been discussed by L 
Soc. 29, No. 8, Q8 (1954) 


I. Schiff, Bull. Am. Phys. 


HA4. Proton Bremsstrahlung. Kerson HvuANG anp S. D. 
Dreti., M.I.T.—The differential cross section for proton 
bremsstrahlung is calculated for low-energy x-rays emitted by 
E=2 Mev protons which scatter in the field of tin nuclei 
(Z =50). This is essentially a classical problem of the dipole 
radiation from a proton moving in a Coulomb field since the 
proton’s deBroglie wavelength is much shorter than the 
distance of closest approach to the nucleus. However, the 
classical orbit calculation for x-rays emitted at 90° to the 
proton beam in a 3 kev energy interval about Aw =150 kev 
predicts a differential cross section, ¢.(90°) =2.1 K10-" cm’, in 
disagreement with the experimental result of H. Mark,’ 
Gexp (90°) = 1.340.5 X 10 cm’. Since corrections due to shield- 
ing by the orbital electrons and due to higher multipoles are 
negligible, this discrepancy must be due to quantum correc- 
tions resulting from the energy loss to radiation. We have 
expanded the exact quantum-mechanical matrix element for 
dipole bremsstrahlung, as derived by Sommerfeld, in a power 
series in Aw/E. Keeping the zero- and first-order terms, we 
have carried out the necessary integrations and have obtained 
a correction which lowers the calculated cross section by 25 
percent in agreement with experiment. 

H. Mark, Bull. Am. Phys. Soc. 29, No. 8, Berkeley Meeting, 1954 
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HAS. Quantum Calculation of Coulomb Excitation. L. C. 
BIEDENHARN, The Rice Institute-—The usual treatment of 
Coulomb excitation employs a semiclassical approximation, 
and the validity of this approach has been the subject of recent 
investigations.' The quantum treatment? of the excitation, and 
the directional correlation parameters, reduces ultimately to 
consideration of radial Coulomb matrix elements for arbitrary 
angular momenta. These integrals define in general functions 
of the Appell type. (The electric dipole radial matrix elements 
are found to be the exception.) The relevant properties of these 
matrix elements, recursion formulas, series, and asymptotic 
expansions will be given; comparison will be made to approxi- 
mate evaluations. The more amenable special cases of J. no 
energy loss, and 2. the approach to the classical limit will be 
discussed in detail 

1G. Breit and P. B. Daitch, Phys. Rev. 96, 1447 (1954); P. B. Daitch 
et al., Phys. Rev. 96, 1449 (1954); L. C. Biedenharn and C. M. Class, 
submitted to Phys. Rev. 


?L. C. Biedenharn and M. E. Rose, Oak Ridge Natl. Lab. 1789, Sept. 
1954. 


HA6. Multiple Coulomb Scattering Including Nuclear Size 
Effects.* Witt1am T. Scorr, Smith College-—An alternative 
method to that of Cooper and Rainwater! has been developed 
for calculating the multiple Coulomb scattering in thick layers 
of fast-charged particles sufficiently energetic to show a 
noticeable influence of the finite size of nuclei. The usual 
Moliére theory is modified by the inclusion of a suitable 
nuclear form factor, expressed as a single or double Fourier 
transform integral. The correction term to the Moliére ex- 
ponent can be written as the form factor integral with the 
Fourier kernel replaced by a modified expression involving only 
elementary functions, thus readily allowing the inclusion of 
various form factors. For the Born approximation, the integral 
on evaluation reduces to terms of Moliére type plus terms 
whose exponentials can be fitted to within 1 percent by a sum 
of Gaussians. The final calculation amounts to a re-use of 
Moliére’s tables with different coefficients and normalizations. 
These results, and calculations with Cooper and Rainwater’s 
form factor, will be presented and compared with other 
calculations and available experimental results on y-meson 
scattering. 

* Work performed while the author was a visitor at Brookhaven National 
Lab. and at the Nat. Bur. Standards, Research being continued under a 


grant from the Nat. Sci. Foundation. 
1L. N. Cooper and J. Rainwater, Phys. Rev. 97, 492 (1955). 


HA7. Proton-Proton Scattering at High Energies. Roperr 
SERBER, Columbia University, AND WILLIAM Rarita, Brooklyn 
College.—The elastic proton-proton scattering distribution at 
1 Bev as measured at the Brookhaven Cosmotron by Smith, 
McReynolds, and Snow agrees remarkably well within experi- 
mental error with a simple model. We assume that each proton 
acts as a classical black sphere of radius R for the wave of the 
other. Thus the total cross section is 2*R*, and the angular 
distribution is proportional to J;*(kR sin#é)/sin*%®. Using the 
total cross section measured by Chen, Leavitt, and Shapiro, 
we determine R. As k is known from the energy, the shape of 
the distribution is now uniquely established. A by-product of 
the calculation is the total elastic cross section which is 
estimated to be 20.7 mb. 


HAS. Elastic Scattering of 17 Mev Protons by Nuclei.* 
W. Aron, J. S. McIntosu, anp G. SCHRANK, Princeton Uni- 
versity, AND J. H. Bicetow, Institute for Advanced Study.—A 
five-parameter optical model based upon a complex well with a 
phenomenological spin-orbit term is employed to analyze the 
elastic scattering data for 17 Mev protons on various nuclei 
obtained by Schrank'* and Dayton.'4 The nuclear potential 
chosen consists of a complex square well with its edge adjusted 
to join smoothly at bottom and zero by a third degree poly- 
nomial. The nuclear spin-orbit term is of the Thomas type, 


with adjustable real magnitude. The charge density is taken to 
be proportional to the well depth, and the corresponding 
Coulomb potential calculated. From this potential, wave 
functions are calculated, phase shifts determined, and cross 
sections obtained. These calculations are performed on the 
electronic computer at the Institute for Advanced Study. 


* Work supported by the Atomic Energy Commission and the Higgins 


und. 
‘I. Dayton and G. Schrank, Phys. Rev. (to be published). 
?G. Schrank, Bull. Am. Phys. Soc. (this issue). 

41. Dayton, Phys. Rev. 95, 754 (1954), 


HA9. Nucleon Scattering by Nuclei at High Energies. 
I. I. SHaprro, Lincoln Laboratory, ann R. J. GLAUBER, 
Harvard University.—The accuracy of the optical approxima- 
tion for both neutron and proton scattering has been tested by 
comparing with exact phase-shift calculations. The potential 
employed was a complex square well combined with the 
coulomb potential of a uniformly charged sphere. Parameters 
were chosen appropriate to carbon at 96 Mev. For proton 
scattering the results show excellent agreement. The Coulomb 
interference region is reproduced quite accurately, and the 
comparison extends satisfactorily to substantially larger 
angles. For neutrons better agreement is found than has been 
reported,’ probably due to a different approximation in the 
correspondence of parameters. Comparison of the neutron and 
proton results shows considerable Coulomb interference for 
angles smaller than 20° and negligible effects beyond 25°. 
Calculations of Coulomb interference effects in the proton 
polarizations resulting from spin-orbit potentials will also be 


discussed. 


1S. Pasternack and H. Snyder, Phys. Rev. 80, 921 (1950). 


HAI10. Theory of Nucleon Transfer.* G. Breit, Yale Uni- 
versity.—In the calculation of nuclear cross sections, it is 
helpful to obtain the adiabatic approximation wave function 
for a particle which is shared by two nuclei. Applications of the 
Rayleigh-Schrédinger perturbation method can be awkward 
on account of the entrance of wave functions for the continuum 
which do not have the barrier penetration properties charac- 
teristic of the actual function. A method employing Green's 
function for the wave equation in the absence of localized 
nuclear potentials has been worked out leading to expansions 
free of the difficuity mentioned. The eigenvalue problem con- 
tains depths of localized potentials as parameters. There is a 
restriction in the method regarding absence of overlap of the 
potentials. A correction for the change in energy is included. 
The method is intended for cross-section calculation in heavy- 
particle bombardment reactions. 


* Supported by the Office of Ordnance Research, U. S. Army. 


HAII. Inelastic Scattering of Nucleons by a Dynamic 
Nuclear Wall. Davip M. Cuase, Los Alamos Scientific 
Laboratory.—The coupling between collective- and individual- 
particle motions envisaged in the collective model provides in 
nuclear scattering a mechanism for energy exchange between 
incident nucleon and target nucleus. For target nuclei near 
closed shells this nucleon-nuclear wall interaction would excite 
principally the fairly pure vibrational levels expected for such 
nuclei; for target nuclei far from closed shells and strongly 
deformed, the interaction would excite principally rotational 
levels. A one-dimensional model has been used to study 
numerically the features of such interaction, estimate the 
magnitude of the resulting cross sections, and compare two 
different methods of calculation. One method is that formu- 
lated by Bohr and Mottelson.’ The other is based on the use of 
adiabatic nucleonic wave functions for the scattering process 
and seems especially appropriate when the coupling is strong 
and the collective levels of the target closely spaced. It is 
proposed subsequently to apply this method to the calculation 
of cross sections for rotational excitation. The results in one 
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dimension indicate average cross sections for neutrons of the 
order of several percent of geometric at moderate energies 


‘A. Bohr and B 


Mottelson, Kgl. Daneke Videnskab. Selskab, Mat.-fys. 
Medd. 27, No . 


16 (1953 


HA12. Deuteron Cross Secticns at High Energies. R. J 
Giauper, Harvard Unwersity.—Recent experiments indicate 
lack of additivity of the neutron and proton cross sections in 
deuterium at energies as high as 1.4 Bev. For example, direct 
measurement of the n—p total cross section there gives' o(n,p) 
=43 mb. while, with incident protons, deuterium-hydrogen 
subtraction yields* «(p,d—p)=33 mb. To consider these 
effects, a generalization of the optical model has been con- 
structed for the treatment of collisions with two-body systems 
in the high-energy limit. We assume that the incident particle 
wavelength is smaller than the ranges of interaction, and that 
the ranges at these energies are smaller than the deuteron. It 
may then be shown generally that the deuteron total cross sec- 
On +o5+44h Re[ f.(0)f,(0) Kr) where o, and 
J.(0) and 
f,(0) are the elastic forward scattering amplitudes, and r is the 


tiONn 18 Ge 


o, are the free neutron and proton cross sections, 


neutron proton separation, whose inverse square is aver aged in 
the deuteron. In particular, for purely absorptive interactions 
the forward 


(49) "en, 


amplitudes are and @4 


yt 


imaginary Onto, 
interpreted in terms of an 


incident 


p, a result easily 


eclipsing effect. Estimates of the interference term for 


protons are 9 and 17 mb. for deuterons with square-well and 





Hulthén pote tials, respectively 

Coor, Hill, Hornyak, Smith, and Snow. Phys. Re to be 

* Chen, Leavitt, and Shapiro (private mmunication). See also 
Rev. 95, 663 (1954 


Joun A. WHEELER, 
! 


For spherically symmetrical potentials 


HA13. Scattering and Potential. 
Princeton Unwersity 
satisfying a certain boundedness condition, it is known that the 
(1) for all 
I's and all energies, provided the data are mutually consistent ; 


or (2) for one l 


potential is uniquely determined by the phase shifts 


and all energies, provided that for this / value 
either (a) there exist no bound states or (b) one knows for each 
bound state its energy and a certain number defined by Jost 
and Kohn characteristic of that state. It is shown that these 
quantum results and the characteristic numbers of Jost and 


HA, Ji 


AND K 


Kohn possess a simple interpretation in the JWKB semi- 
classical analysis of the connection between phase shift and 
potential. This same analysis leads to a third conclusion, that 
the potential is uniquely determined by the phase shifts for a 
single energy and all /. 


HAI4. Scattering Approximations Using Plane Wave Trial 
Functions. J. Mayo GREENBERG, Rensselaer Polytechnic Insti- 
tute.—Several approximations to the total amplitude of scat- 
tering by a potential involve integrations similar to those 
required for evaluating the second Born approximation. This 
is certainly obvious in the Schwinger variational principle. It 
is also true for another variational principle’ in case the trial 
functions are restricted to those of the plane-wave type. It can 
then be shown that the imaginary part of the scattering 
amplitude, which is an integral of a product of scattering 
amplitudes, can be put in a form which is the imaginary part 
of the second Born approximation. The required integration is 
apparently only possible with plane wave trial functions and 
has already been performed independently by numerous 
authors for the Yukawa potential (or for linear combinations 
thereof). It can also be done approximately, under suitable 
conditions, for the square well and, in fact, exactly for zero- 
angle scattering. Calculations are now in progress which will 
aid in the choice of the most successful approximation which 
for analytical simplicity requires plane-wave trial functions. 

‘J. M 30, No. 1, 50 (TAI). 


Greenberg, Bull. Am. Phys. Sa 


HAIS. Scattering Analysis. WiiLtiam Rarita, Brooklyn 
College and Case Institute of Technology.—The elastic-scat- 
tering cross séction usually expressed in terms of the phase 
shifts 5; becomes complicated when there is interference among 
the phases. However, if the real parts of the phase amplitudes 
i.e. of the 1 —exp2s, are employed as variables the scattering 
distribution is then simple and, in fact, merely algebraic in 
nature. The great advantage of such a representation is in the 
ease of following the analytic behavior of the solutions, say, as 
a function of the energy. In the case of r* —P at low energies 
we can solve for each cos2é; in terms of measurable quantities 
If there is absorption we have to introduce the imaginary parts 
of the phase amplitudes as extra variables. Results for the 
x*—P and P 


P scattering will be discussed. 
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Ji. The Fermi Statistics and Its Applications. F. Seitz, University of Illinois 
J2. Beta Decay. E. Konopinsxt, University of Indiana 
J3. Neutron Physics. Emitio Secret, University of California, Berkeley 
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E. L. Hupsretu presiding) 


Transmutation and Nuclear Energy Levels, I 


Ki. A Study of the Reactions H’(d,n)a and He’*(d,p)a.* 
Joun L. Jounson anp WitttaM S. Porter, Yale University 


The total cross sections for the reactions H'(d,n)a and 


He*(d,p)a have been fitted with the Breit-Wigner one level 
formula using S-wave deuterons, assuming that only one total 
angular momentum state is effective. A fit to the differential 
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scattering cross section for deuterons on He* consistent with 
the reaction fits has been obtained using a one-body model 
with the Coulomb field cut off by a square nuclear well. 
Satisfactory fits to the reaction data were found using several 
types of energy dependence! of the [ suggested by different 
models of the resonance. The effect of varying the nuclear 
radius has been investigated. Comparison of widths reduced in 
the above manner is consistent with charge symmetry of the 


nuclear forces within the accuracy of the calculations. 
* This research was supported by the Office of Ordnance Research, 
U. S. Army. 
'G. Breit, Phys. Rev. 58, 506 (1940) ; 69, 472 
Rev. 70, 15 (1946); 70, 606 (1946 


1946), E. P. Wigner, Phys. 


K2. Energy Levels of the Isobars Lit—He*. K. W. ALLEN, 
E. ALmgvist,* AND C. B. BicHam,* University of Liverpool, 
England.—The reactions Li?(He',a)Li® and Li?(t,a)He* have 
been studied. Excitation energies in Mev of the levels observed 
in Li* with their widths given in brackets are: 2.19 (<90.1), 
3.56+0.06 (<0.1), 4.340.02 (?), 5.3540.07 (<0.1), 6.63 
+0.08 (<0.2), and 7.402-0.10 (0.6). Less certainly identified 
are levels at 5.6+0.2 (2.0), 8.37+0.08 (<0.2), and 9.340.2 
(0.6). Recoil Li* ions of energy corresponding to the 3.56 Mev 
level were observed, showing that it does not emit heavy 
particles and is the y-emitting state identified by Day and 
Walker.' The levels at 2.19 and 4.3 Mev are also observed in 
the scattering of deuterons by helium* and hence have isotopic 
spin T=0. In He*, levels at 1.71 (<0.1) and possibly 3.4 
(<0.3) were observed. These appear to be analogs of the 
levels in Li® at 5.35 and 6.63 Mev. The sharp 5.35 level in Li*, 
therefore, probably has T =1 and properties 2*, and is not the 
1* state required near this energy by the (d,a) scattering 
analysis. However, the reaction data are consistent with a 
broad 1* level at 5.6 Mev. 

* Present address Chalk River Laboratory 


! Day and Walker, Phys. Rev. 85, 582 (1952) 
? Galonsky and McEllistrem, Phys. Rev. 96, 826A 


1954). 

K3. He’® and T Reactions in Some Light Elements. E. 
Atmgvist,* K. W. ALLEN, AnD C. B. BiGuam,* University of 
Liverpool, England.—By equipping the Liverpool 1-Mev ac- 
celerator with a gas recovery system it was possible to make a 
systematic study of He?’ and triton reactions. Ten ml of He# 
and 10 ml of hydrogen containing a few percent tritium were 
available. A proportional counter, a magnetic analyzer, a Nal 
crystal spectrometer, and photographic emulsions were used to 
study the charged reaction products. Targets of Li*, Li’, Be’, 
BY’, BY, C®, C38, N* O'* and F¥® were bombarded. Energy 
distributions of the reaction products of (1) Li*(He*,a)Li‘, 
(2) Li*(He*,p)Be*, (3) Li?(He*,p)Be*, (4) B*(t,a)Be*, and 
(5) B"(He?,a)B* will be reported. The proton distributions 
from Li‘ and Li’ agree with those of the Oak Ridge group.' In 
reaction (3) were observed the following levels in Be*, with 
widths shown in brackets: 1.80+0.1 (<0.4), 2.3940.08 
(<0.2), 3.0640.08 (<0.3), 4.7440.08 (1.2) Mev, and pos- 
sibly one at 9.1+40.2 (1.2) Mev. Also deuterons from the 
reaction Li’(He?,d)Be* were observed. Reaction (4) shows 
levels at 2.39 and 3.06 in Be*. Reaction (5) shows only one 
excited state of B* at 2.58+0.13 Mev. Reaction (1) shows 
a peaks of 8.3 and 7.5 Mev energy. 


* Present address Chalk River Laboratory 
' Moak, Good, and Kunz, Phys. Rev. 96, 1363 


1954). 

K4. Angular Distributions and Angular Correlations in 
Be’ (d,p)Be™, and B”(d,p)B"'.* S. A. Cox anp R. M. WILLIAM- 
son, Duke University.—Angular correlation measurements 
have been made in the reactions Be’(d,p)Be” and B"(d,p)B™ 
for the purpose of investigating the validity of the angular 
correlation theory’ in stripping reactions. The angular distri- 
bution of group P; in Be*’(d,p)Be”® has been measured previ- 


ously’? and is characteristic of Lueutros = 1. Using the known 
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ground state spins of Be* and Be” and assuming J =2 for the 
3.37 Mev state in Be”, the correlation functions corresponding 
to the two possible channel spins have been calculated. The 
measured correlation agrees well with the function for which 
the channel spin =1. The angular distributions of the five 
longest range proton groups in B”(d,p)B™ have been measured 
from @,=15° to 130°. At Eg=3.90 Mev groups Pe, 7°s, and P, 
have strong stripping peaks between 25 and 30 degrees 
corresponding to Leeutron =1 in agreement with previous data 
at E,=7.7 Mev? Angular correlation measurements were 
made on groups P; and P,. The measured correlations will be 
compared with the possible theoretical correlation functions 


* This work was supported in part by the U. S. Atomic Energy Com- 


mission 
i Biedenharn, Boyer, and Charpie, Phys. Rev. 88, 517 (1952 
* Fulbright, Bruner, Bromley, and Goldman, Phys. Rev. 88, 700 (1952 
IN. T. S. Evans and W. C. Parkinson, Proc. Phys. Soc. (London) A67, 
684 (1954 


KS. Energy Levels of B'*, C'*, C!*, and F™. C. B. Bicham,* 
K. W. ALLEN, AND E. ALmovist,* University of Liverpool, 
England.—The long range particles emitted from targets of 
B¥’, BY, C®, C4, NO! and F® bombarded by 900 kev He? 
and T ions have been studied using photographic emulsion and 
Nal crystal techniques. In each case the observed proton 
groups yield information about the level structure of the 
residual nucleus with an estimated error in energy of less than 
+0.1 Mev. In B", levels were observed at excitations of 0.94, 
1.65, 2.61, 3.37, 3.75, and 4.46 Mev; in C™ at 4.43, 7.77, 9.61, 
10.75, 11.83, 12.76, 13.31, 13.97, 15.10, 16.04, and 16.57 Mev; 
in C# at 3.08, 3.77, 6.89, 7.63, 8.96, 10.00, 10.99, and 11.67 
Mev. The reaction F"(t,p)F® was observed. The data yield a 
mass defect for F® of 6.3740.1 Mev, and it is stable against 
heavy-particle breakup. Excited states of F* at 0.89 Mev and 
possibly 3.34 and 4.01 Mev were observed. 


* Present address Chalk River Laboratory 


K6. C'*(p,pn)C'! Cross Section for 340 Mev Protons.* W 
E. CranpaLt, W Birnpaum, G. P. MILtBuRN, AND R. V 
PyLe, University of California, Berkeley 
the C"#(p,pn)C" reaction was measured by monitoring the 
proton beam with a Faraday cup and the C™ decay with a 4x 
gas counter. The self-absorption of the thin polystyrene foils 
was measured by uniformly activating thin foils and counting 
these foils singly and in combinations to eliminate the foil 


The cross section for 


weight from the determination. Also simultaneous activation 
of plastic scintillators determined a zero foil thickness point by 
B-y coincidence technique. The effects of the self-absorption 
curve on the cross section previously determined with thin 
polystyrene foils will be discussed 


* This work was performed under the auspices of the U. S. Atomic 


Energy Commission 


K7. Protons from the Deuteron Bombardment of C"*.} 
T. W. Bonner, ALFrep A. Kraus, Jr., J. T. Ersincer,* and 
J. B. Marion, The Rice Institute. —Excitation functions and 
angular distributions of the reaction C"(d,p)C" have been 
measured from E,=2.0 Mev to Ey =5.0 Mev, where Eg is the 
deuteron energy. Excitation functions were taken at angles of 
observation of 30°, 90°, and 150°. Resonances were found at 
Eg=2.53, 2.73, 3.02, 3.34, 3.93, and 4.76 Mev 
nances show interference effects. Excitation functions were 
measured at 10°, 50°, 60°, 70°, 80°, 90°, 100°, 110°, 120°, and 
130° for Eyg=3.2 Mev to Ey=4.2 Mev. The analyses of these 
data will be discussed in terms of Butler stripping and resonant 


These reso- 


compound nucleus formation. The angular distribution at 3.29 
Mev is in agreement with that of Holmgren et al.' 


+ Supported by the U. S. Atomic Energy Commission 
* Now at Bell Laboratories, Murray Hill, New Jersey. 
' Holmgren, Blair, Simmons, Stratton, and Stuart, Phys. Rev. 95, 


1954 


1544 





632 


K8, (d,p) Reactions from C™ and C™.* J. N. McGruer, 
E. K. Warsurton, ann R. S. Benner, University of Pittsburgh 

Observations have been made of the proton groups resulting 
from the deuteron bombardment of a thin carbon target 
14.5 Mev deuterons were incident upon a target of elemental 
carbon' (enriched to 60 percent C™“) and outgoing protons 
were analyzed with a magnetic spectrometer. Seven previously 
reported levels were cbserved in C” and four in C™. In 
addition twelve new levels were observed, three in C™ at 7.47, 
9.50 and 9.90 Mev, and nine in C at 6.59, 7.35, 8.32, 9.80, 
10.43, 10.59, 12.60, 12.85, and 12.96 Mev 
* Work done at the Sarah Mellon Scaife Radiation Laboratory an 

pr # the Office of Naval Research and tl 


sisted by the joint 


Atomic Energy 
We are indebted nishing the target 
K9. Differential Cross Sections for C'*+d Reactions.* M 

T. McEtutstrem, Ren Curpa, R. A. Dovuctas, D. F 

HERRING, AND E. A. Si_verstein, University of Wisconsin 

Differential cross sections for laboratory angles between 24 

degrees and 167 degrees have been measured in a differentially 

function of deuteron 

und for the (d,p) 

Absence of 

P-p 


d our 


pumped gas scattering chamber as a 
energy (2.5-3.4 Mev) for elastic scattering, 
reactions to the ground and 3.08-Mev level of C¥ 
was indicated by 


errors also measuring the 


The ground state data confirm and exte 


systematn 
cross sections 
Resonances in the elastic scattering 
1, 2.74, 2.96, 2.99, 3.12, and 3.39 Mev 
The resonances at 2.51 and 2.74 Mev were also observed in the 
d,p) reactions. The combined effect of some or all of the 
resonances at 2.96, 2.99, and 3.12 Mev was also observed in the 
(d,p) data. An angular distribution for the (d,p) reaction to the 
first excited state on the 2.74-Mev resonance showed a large 
section for angles near 180 degrees. Above the resonance, 


earlier measurements 
were observed at 2.5 
s 


cross 
the forward stripping peak (corresponding to /, =0) increased 
markedly, whereas the large angle cross sections were greatly 
diminished. Interference between stripping and compound 
nuclear contributions to the (d,p) reactions is clearly indicated 
Some success has been attained in attempts to analyze the 
data into compound nuclear and stripping contributions 
* Work ported by the U. S. Atomi 


Wisconsin Alumni Kesearch Foundation 


Energy Commission ar 


K10. Energy Dependence of the Cross Sections for the 
Reactions C'*(d,n)N"* and C'*(d,)C" up to Ep=20 Mev.* 
D. H. Wickinson,t Brookhaven National Laboratory The 
energy dependence of the integrated cross section for the 
reaction C"(d,n)N™ leading to the ground state of N™ only has 
been measured as a function of deuteron energy up to Ep = 20 
Mev The cross section falls rather smoothly above Ep 6 
Mev, rather more slowly than is suggested by the simple Born 

oximation stripping theory, and substantially more slowly 

would be expected on the basis of compound nucleus 
The cross section at En =8 Mev is 100 mb. The 
) the reaction C"(d,1)C™ rises rapidly from 
threshold (Ep 14.5 Mev) to Ep =20 Mev where the cross 
section (to all available states of C™) is 10 mb 
section may not be explained on the basis of the compound 
nucleus model even under the rather unlikely assumption of a 
triton reduced width as great as that for a neutron, and it 


Ived 


ition 


section for 


This cross 


seems most likely that pickup is invo 
* Work done under S. Atomic Energy Com 
Misston 
t (im leave from Caven 


ish Laboratory, Cambridge, England 


Kil. Angular Distribution of Proton Groups from the 
N"(d.p)N™ Reaction.* R. D. Saarp, A. SperputTo, anp W. W 


Burecuner, M.J.7.—A study of the angular distribution of the 
proton groups for the N“(d,p)N"* reaction has been under- 
taken with the ONR-MIT electrostatic in con- 
junction with the new broad-range spectrograph 
exposures have been made at a deuteron bombarding energy of 


generator 
A series of 
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7 Mev and at angles between 5 and 55 degrees in 5-degree 
steps, and between 60 and 110 degrees in 10-degree steps. The 
target consisted of a thin nylon film supported by an evapo- 
rated layer of gold. The energy spectrum observed over the 
30-inch length of nuclear track plates was such that sixteen 
proton groups! from the N"*(d,p)N"* reaction were recorded 
simultaneously at each angle. These groups covered the region 
of excitation in N“* from the pair of levels at 5.3 Mev to about 
11 Mev. Angular-distribution curves for a number of these 
groups have thus far been obtained. Spin and parity assign- 
ment for the various levels are being made on the basis of a 
Butler-type stripping analysis. 

* This work has been supported in part by the joint program of the 
Office of Naval Research and the U. S. Atomic Energy Commission 


Sperduto, Buechner, Bockelman, and Browne, Phys. Rev. 96, 1316 
1954). 


K12. A 2-State at 8.85 Mev. in O'*.* B. J. Torrer, D. H 
Witkinson,f anp D. E. ALBURGER, Brookhaven National 
Laboratory.—The bombardment of F™ by 3.1- to 4.1-Mev 
protons from the Brookhaven National Laboratory research 
Van de Graaff gives rise to a gamma ray of energy 2.7340.02 
Mev as determined by single crystal Nal(T1), and by three 
crystal pair spectrometer measurements. This gamma ray is 
shown to be in coincidence with the 6.14-Mev gamma ray 
from the 3-state of O'* and therefore comes from a state in O"* 
formed in the reaction F"(p,a)O"* which is stable against 
alpha-particle emission although such emission is energetically 
possible. A weak gamma ray of 1.7140.02 Mev is found to be 
in coincidence with gamma radiation between 6.3 and 8 Mev, 
as is a yet weaker line of 1.92+0.02 Mev. These latter transi- 
tions are to the 1— and 2+ states at 7.12 and 6.91 Mev, 
respectively. These observations fix the new state in O"* at 
8.85+0.02 Mev and, together with the observation that the 
ground state transition is not seen, imply its characteristics as 
2 rhe implications of this result for the alpha-particle 
model of O'* will be discussed. The occurrence of the 1.92 Mev 
line is in violation of the isotopic spin selection rule on E1 
radiations in self-conjugate nuclei. 


* Work done under the auspices of the U. S. Atomic Energy Com 
i . 


missior 
t On leave from Cavendish Laboratory, Cam 


bridge, England 

K13. Inelastic Scattering at 19 Mev Protons by O'*: 
A) Proton Groups.* R. SHerR AND W. F. Hornyak,t Prince- 
ton University—The a-particle model of O** predicts the 
existence of 2+ doublets which have been unsuccessfully 
looked for in the past. To investigate this problem, 19.0-Mev 
protons were used to excite O'* by inelastic scattering. The 
external beam of the Princeton cyclotron was automatically 
controlled to +10 kev in Scattered protons 
were detected with a Nal(T1) crystal whose energy response 
was calibrated by p-p scattering. Observations on O'* were 
made at 10 angles between 40° and 165° using targets of 
cellulose acetate, PbO:, and U,Os. In addition to the doublets 
at 6.1 and 7.0 Mev (unresolved in this experiment) seven 
states were found: 8.85, 9.84, 10.34, 11.08, 11.51, 12.03, and 
12.52 Mev; the average energy deviation in the 
determinations for each level was approximately 30 kev. The 
11.08 and 12.03 levels are new; the others agree within 20 kev 
with previously published values, except for the 8.85 Mev 
level previously reported as 8.6+4 Mev. The integrated cross 
sections in millibarns are roughly 58 and 34 for the 6- and 
7-Mev doublets and 28, 8, 8, 20, 11, 6, and 11, respectively, for 
the higher levels 


mean energy 


various 


* Work supported by the U. S and The 
Higgins i 
t On leave from Brookhaven National Laborat 


Atomic Energy Commission 


Ki4. Inelastic Scattering of 19 Mev Protons by O'*: 
B) Gamma Radiation.* W. F. Hornyvaxt anp R. SHERR, 
Princeton Unwersity.—The spin and parities of the levels of 
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O"* listed in the preceding abstract are known from C® (a,a) 
and N'* (p,a) work, except for the levels at 8.85, 11.08, and 
12.03 Mev. If any of the latter states are 2~ they could not 
decay by a-particle emission and would decay by y-ray emis- 
sion. With a 30 mysec Nal (T1) coincidence apparatus, coinci- 
dence spectra for both protons at 150° and y rays at 90° were 
observed. In addition to p-y coincidences for the protons lead- 
ing to the 6- and 7-Mev states, conspicuous p-y coincidences 
were observed only for the groups to the 8.85, 11.08, and 12.52- 
Mev levels. The 12.52-Mev level showed a ~4-Mev coinci- 
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dence y ray consistent with decay by a-particle emission to the 
first excited state in C®. Only cascade y transitions through the 
states at 6- and 7-Mev were observed for both the 8.85 and 
11.08 states. A reasonable interpretation assigns a spin and 
parity of 2~ to the latter levels, and assumes cascading through 
the 3~ level at 6.13 Mev and the 1 level at 6.9 Mev. The weak 
proton group leading to the 12.03-Mev state also showed 
probable p-y coincidences. 

* Work supported by the U. S. Atomic Energy Commission and The 


Higgins Fund. 
On leave from Brookhaven National Laboratory. 
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Fluid Dynamics; General Physics 


KAl1. Radiation from a Strong Shock Front in Krypton.* 
E. B. Turner, University of Michigan.—Petschek' observed 
that a very strong shock front in argon is usually seen as a 
bright luminous line. We have shown from wave-speed photo- 
graphs in krypton with a revolving drum camera at an angle 
to the shock tube, that the luminosity is homogeneous across 
the front and not a wall effect. Another series of wave-speed 
photographs were made with a wedge interference filter placed 
in front of a horizontal slit on the shock tube. These showed 
mainly line radiation, but the lines were not those of krypton. 
At the suggestion of C. W. Peters, a spectrum was obtained by 
rotating the film drum at such a speed that the image of the 
shock front was stationary on the film. The Swan bands of 
carbon, which arise from organic vapors, as well as the lines of 
Ca and Na were observed. The sharp luminous front is ap- 
parently due to inelastic collisions between these vapors and 
krypton atoms in the zone where translational equilibrium is 
not yet established. 


* Supported by the Air Research and Development Command. 
1H. E. Petschek, Phys. Rev. 84, 614(A) (1951). 


KA2. Reflection of a Compression Wave from a Sym- 
metrical Wedge. R. W. Sku_ski* anp D. WEIMER,t Armour 
Research Foundation.—Compression waves generated by paper 
pistons accelerated by shock waves in a shock tube have been 
reflected from symmetrical wedges. Studies of the density 
fields in the interaction region have been made with an 
interferometer and the parameters, ‘“‘wave age,” distance up 
the wedge, and angle of incidence have been investigated over 
a range of incidence angles from 25° to 80° and “effective shock 
strengths" from ¢ =0.5 to  =0.9. The limit of regular reflection 
for this type of wave is shown to exist theoretically and this 
limit has been verified experimentally. Beyond this limit a type 
of Mach reflection occurs. 

* Askania Regulator, Chicago 


+ Mechanics Research Department, American Machine and Foundry Co., 
Chicago. 


KA3. Shock Wave Spectroscopy. RicHarp J. Rosa, Cornell 
University.*—A moving film technique has been developed for 
photographing strong shock spectra. If the film is made to 
move at a velocity within 5 percent of that of the shock wave 
image, the exposure time is increased by twenty and the light 
from different regions of the shock is separated on the film. 
Space resolved spectra of Mach No. 10 shocks in argon were 
obtained. These indicate that the luminosity of the front! is 
due to impurities, specifically, carbon bearing compounds. It 








could be expected that the light emitted by minute traces of 
impurities would dominate the spectrum at the theoretical 
equilibrium temperatures at this Mach number. Experiments 
with a probe filled with liquid N: also indicate impurities are 
responsible. The spectra show the Swan bands of C; confined 
to a narrow region at the front, and the violet CN bands 
reaching a maximum intensity close to the front and tailing off 
behind. Lines due to metallic impurities such as Hg and Na are 
observed to start at or near the front and continue with con- 
stant intensity to the entropy line. Preliminary results of air 
spectra above M =15 will also be presented. 


* This work was partially supported by the Office of Naval Research. 


'H. E. Petschek, Phys. Rev. 84, 614 (1951). 


KA4. Periodic Shock Production in Resonating Gas 
Columns. GeorGe E. Hupson anp ALFRED SAENGER, New 
York University.—Observations have been made of periodic 
shock waves produced in a tube closed at one end by a rigid 
wall and at the other by a piston vibrating in sinusoidal 
motion. Although the piston's amplitude is small, shocks are 
produced when the frequency is near the acoustic resonance 
frequency of the gas column, With a condenser pickup, pres- 
sure variations at several points at the tube wall have been 
measured as a function of frequency, as has the relative phase 
between the piston’s motion and the peak pressure. A solution 
of the exact one—dimensional compressible flow equations 
subject to the first order (isentropic) shock boundary condi- 
tions—has been found for the comparable case of oscillating 
motion of a gas in a tube closed rigidly at both ends. The 
computed maximum gas displacement corresponding to our 
observed pressures indicates that the maximum gas displace- 
ment at the tube center is about the same as that computed 
from acoustic theory. Observations have also been made of two 
shocks colliding periodically at the tube center when the 
driving frequency is near that of the first acoustic harmonic, 


KAS. The Sonoluminescence of Water." D. Srinivasan 
AND L. V. HoLroyp, University of Missouri.—An effort has 
been made to establish the origin of the weak luminescence 
produced when water is irradiated by an intense ultrasonic 
beam. In order to promote cavitation it is necessary that the 
water be saturated with a gas. Water saturated with the 
following gases was studied separately using 800 kilocycle 
acoustic radiation: argon, oxygen, nitrogen, and helium. The 
intensity of luminescence increased with increasing solubility 
of the gas. The spectral distribution of this luminescence was 
determined with a photon counter in the interval from 2800 A 
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to 5500 A. The spectrum is continuous and corresponds to that 
of a blackbody at a temperature of the order of 10 000°K. An 
absorption spectrophotometer was used to determine the 
nature and quantity of any chemical products formed during 
the ultrasonic irradiation. Hydrogen peroxide was found in the 
case of oxygen saturated water but no chemical products were 
observed either in argon or helium solutions. Theoretical con- 
siderations of cavitation in Liquids by Noltingk and Neppiras' 
suggest the possibility of the production of high temperatures 
in the cavitation bubbles and our results seem to support this 
view 

, 


oport 
pported 






©. 
B 
674 (1950) 


- : part by the Nation 
and E. A. Nepp London) B63, 





KA6. One-Dimensional Dispersion of Mass by Molecular 
and Turbulent Diffusion.* B. A. FLeisuman, Applied Physics 
Laboratory (introduced by R. A. Alpher).—A given 
dimensional! distribution of matter is dispersed under the com- 
We derive 
here a formula for the mean concentration of dispersed matter, 
1 terms of the initial distribution, the 


one- 
bined action of molecular diffusion and turbulence 


as a function of x and ¢, i 
coefficient of molecular diffusion, and the statistical properties 
of the turbulent velocity field. First the initial value problem 
for the diffusion-convection differential equation (for an arbi- 
trary bounded convection field) is solved for the concentration 
“magnitude” of the 


o by perturbing with respect to the 


convection velocity. Then, assuming that we have a random 
convective velocity field (i e., an ensemble of velocity fields) 
rather than one specific convection field, we take an ensemble 
average of the infinite series for (x,t) obtained previously. In 
the resulting series for & (x,t), the mean concentration, the zero- 
order term involves only the molecular diffusion coefficient and 
the initial distribution, while the mth-order term contains in 
addition the nth-order space-time correlation coefficient of the 
turbulent velocity field 
times or for small intensities of turbulence. 


rhe result is valid at small dispersion 


* This work was su; rted by the Bureau of Ordnance, U.S. Department 


# the Navy 


KA7. Maximizing the Separation Factor of a Thermal 
Diffusion Column.* J. W. Corsetrt anp W. W. Warson, 
Yale University The separation factor, g, of a hot-wire 
thermal diffusion column for gaseous operation is a function of 
the radius, r, pressure, », and temperature differential in the 
column. The relation describing the maximized g with respect 
tor is Kg=2K,,' with K 
remixing factors, respectively 
mized g with respect to p is Ka=K, 
on parameter dependence the parasitic remixing factor, K >», 


and K, the convection- and diffusion- 
The condition describing maxi- 
(For want of information 


has been omitted from consideration.) The magnitude of the 
maxima for both criteria goes as 1/r (or p!), therefore the 
smallest radius constructionally feasible should be chosen 
The ratio of g for K,=K, (designated ¢,) to that ¢ for Kz=2K., 
evaluated at constant r, goes as (¢,)°**, hence for the desired 
case of large g, the advantage of operating at K,g=K, (ie.,a 
higher pressure) is not inconsequential. The relationship be- 
tween g and the temperature difference is not a simple function 
and no general conditions can be established. A maximum of q 
with respect to temperature may, or may not, occur in the 
and each case must 


operating region, be investigated nu- 


merically 


* Supported in part by the U. S. Atomic Energy Commission 
+ General Fle Coffin Fellow 


' Jones and Furry, Revs. Modern Phys 





18, 151 (1946 
KAS. A Determination of Current in Absolute Measure. 
Raymonp L. Driscoi,, National Bureau of Standards (intro- 
duced by F. B. Silsbee).—-A steady current was measured in an 
absolute sense using a Pellat type electrodynamometer ; simul- 
taneously the same current was passed through a resistance 
whose value was known in units maintained at this Bureau. 
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The current was adjusted beforehand to make the potential 
difference across the resistance equal to the emf of a standard 
cell whose value was known in units of emf as currently 
maintained. The numerical value of a current in terms of 
standards of emf and resistance has been found to be larger 
than its numerical value obtained from absolute measurements 
by 19 parts per million. Known uncertainties in the absolute 
measurement are estimated to be 6 parts per million. 


KA9. Transient Response of Cavity Resonator. C. W. 
Hoover, Jr., Bell Telephone Laboratories.—The general tran- 
sient response of a cavity resonator to pulse-modulated radio 
frequency power input is obtained by solution of the differ- 
ential equations representing the resonator and coupling loop. 
The solution obtained gives the normalized resonator response 
in the undercoupled, critically coupled, and overcoupled cases 
when the rf input is at or near the resonator center frequency. 
In the critical and overcoupled cases it is shown that the 
response is modified by a cosinusoidal modulation factor when 
the frequency of the source is different than the frequency of 
maximum response, or the frequency remaining constant when 
the coupling between source and resonator is changed. This 
modulation factor gives rise to large amplitude oscillations in 
the response. The solution obtained is of interest where close 
coupling is used between power source and resonator as in 
linear accelerators and klystrons. The solution is approximate 
but the maximum error in the amplitude of the normalized 
response is 1/2Q». The observed response of a particular cavity 
resonator is given and is shown to agree with the predicted 
response. 


KA10. Counting Efficiency of Electromechanical Message 
Registers. GreGcory THEOcLITUS, Air Preheater Corporation, 
aND Homer C. Wivxins, Alfred University.—The effect of the 
dead-time of nonjamming message registers on recorded 
counting rates has been investigated. A nonjamming message 
register is one which, when fed pulses at an increasingly high 
rate, will record at a rate asymptotically approaching the 
reciprocal of the dead-time. Using the Poisson distribution 
law for random events, the expected observed counting rate 
has been computed for various true counting rates in applica- 
tions in which such a message register is preceded by electronic 
scaler circuits of various scale factors. It has been found that 
the expected curve of observed counting rate versus true 
counting rate is linear up to counting rates about one-half the 
asymptotic value, and then has several points of inflection and 
minima before leveling off at the asymptotic value of observed 
counting rate. Experiments using Geiger counters as sources of 
random pulses give results in good agreement with the theory. 
A discussion of the derivation of the curves and also an ex- 
planation of the minima will be given. 


KAI1. Automatic Pressure Control System.* D. F. HEr- 
RING, University of Wisconsin.—A constant pressure control 
system for a differentially pumped gas scattering chamber has 
been developed. An octoil-S filled manometer monitored by 
two photocells is used as a pressure detector. The octoil in the 
manometer is used as a cylindrical lens which focuses the light 
beams on the photoceils. The signals from the two photocells 
are balanced against each other, thus making the instrument a 
null detector. The resulting error signal is then amplified and 
made to control the current through a gas flow regulating 
device. This device consists of a glass capillary of 15 mils 
inside diameter, through which is passed a nichrome wire of 10 
mils diameter. By heating this wire with the current, the 
viscosity of the gas is altered, thus controlling the rate of flow 
of gas through the capillary. The present system controls the 
pressure to +0.03 mm of octoil. Details of construction and 
operation will be presented. 


* This work is supported by the U. S. Atomic Energy Commission and 
the Wisconsin Alumni Research Foundation. 
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KA12. Ultra High Speed Cine-Microscopy and Time Re- 
solved Spectroscopy. GeorGe HAUVER AND Louis ZERNOWw, 
Ballistic Research Laboratories.—The technique previously 
described! for combining an ultra high-speed framing camera 
(framing rates >10*/second) with a microscope in order to 
obtain cine-microscopic sequences of physical phenomena has 
been extended to higher magnifications (>200X). Con- 
siderably greater magnifications are still possible. Limiting 
factors will be discussed. Studies of the explosion of thin 
conducting films by means of electrical discharges will be 
described. A simple method for using the ultra high-speed 
framing camera for time-resolved spectroscopy will also be 
described and illustrated with spectrograms of exploding 
wires.? 

'L. Zernow and G. Hauver, Bull. Am. Phys. Soc. 30, No. 2, 28 (1955), 


abstract Q11. 
2 J. A. Anderson and Sinclair Smith, Astrophys. J. 64, 295 (1926). 


KA13. Steady-State Calibration of Vibration Transducers 
at Accelerations up to +4000 g. T. A. Peris, C. W. KisstnGer, 
anpD D. R. Paquette, National Bureau of Standards.—Details 
are presented for a new steady-state method for calibrating 
small vibration pickups at peak accelerations up to +4000 g. 
The method uses a commercial vibration generator and 70- 
watt power amplifier designed for a maximum of +50 g, 
together with a selection of resonant beams made from a 
fatigue-resistant chrome-vanadium steel. The mechanical Q of 
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the resonant system, which includes the beam, a clamping 
device, and the shaker armature, is of the order of 100 to 200. 
Beams with shapes other than rectangular have been tried in 
an effort to distribute the stresses, and one of the tapered beams 
has resulted in the highest accelerations so far. Sharp discon- 
tinuities in the beams, in particular holes used for clamping 
purposes, have to be avoided since they result in stress 
concentrations and in the initiation of cracks. Sample linearity 
data of small BaTiO, accelerometers will be shown. The 
method may also have application to fatigue testing. 


KAI4. Rotational Oscillations of Electrostatically Charged 
Conductors. OLEG YaporF AND Sornie YADorF.—When two 
or more fine wires are charged electrostatically (+) and (—), 
they commence evenly to rotate, the amplitudes and fre- 
quencies of rotation being functions of the potential, their 
diameters, and their distances from one another. These 
rotations occur whether the wires be arranged parallelly, 
obliquely, or perpendicularly to one another. In darkness the 
rotations of (+)-charged wires cut whitish-violet loops, 
whereas the rotations of the (—)-charged wires describe 
distinct luminous circles. The phenomenon occurs in air and 
various gases. Generally, amplitudes and frequencies: are 
greater with ( ) charges. Rotations persist if only one wire is 
charged and the other is grounded or left suspended in the air. 
Authors’ mathematical analysis follows current methods, 
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Semiconductors, II 


Ll. Microwave Magnetoconductivity Bridge for Semicon- 
ductors.* Simon Foner, H. J. ZeiGer, R. L. Powerit, anp 
BENJAMIN Lax, Lincoln Laboratory.—A sensitive microwave 
bridge at 9200 Mcps has been constructed to measure the 
magnetoconductivity of semiconductors. The apparatus per- 
mits rotation of the magnetic field relative to crystal orienta- 
tion. Such measurements should yield information on the 
shape of the energy surfaces associated with the carriers. 
Variation of the temperature should provide information on 
the average effective mass of carriers as well as the temperature 
dependence of the scattering.’ The method allows investigation 
of semiconductors which can not at present be studied by 
cyclotron resonance because of sample impurity. Many of the 
difficulties inherent in dc measurements, particularly at low 
temperatures, are eliminated, i.e., contact problems, thermal 
effects, etc. Furthermore, theoretical analysis of the data is 
simplified because conductivity rather than resistivity is 
measured. Changes of 0.04 percent in conductivity can be 
observed at present. Preliminary investigations of a number of 
semiconductors will be discussed. 

* The research in this document was supported jointly by the Army, 
Navy, and Air Force under contract with the Massachusetts Institute of 
Technology. 

1 J. M. Goldey and S. C. Brown, Bull. Am. Phys. Soc., 20, No. 1, 53 


(1955), abstract V3; T. S. Benedict and W. Shockley, Phys. Rev. 89, 1152 
1953). 


L2. Microwave Magnetoconductivity Effects in InSb.* R. 
N. DexTeR AND Benjamin Lax, Lincoln Laboratory.—Using 
cyclotron resonance techniques' we have observed the mag- 
netoconductivity of electrons and holes in polycrystalline and 
single-crystal InSb. The observations thus far have shown the 
nonresonant microwave absorption characteristic of wr<1, 


where w is the angular frequency and r is the scattering time. 
Low values of r result from impurities and imperfect stoichi- 
ometry of the compound. In the most nearly perfect (poly- 
crystalline) samples it was possible by means of curve fitting to 
determine that r=0.2 X10" second (i.e. wr=0.3 at 23 000 
Mcps). The average effective masses of electrons and holes 
were found to be approximately 0.02 mo and 0.3 my respectively 
where mp is the free-electron mass. These values are consistent 
with those obtained from optical measurements.* In n-type 
samples the electrons had not frozen into the traps at 1.2°K 
resulting in carrier densities of the order of 10%—10" per cc. 
Complicated absorption effects in samples of thickness of 
about 0.3 mm arose from variations of microwave skin depth 
relative to sample thickness as a function of magnetic field and 
possibly from depolarization and plasma effects.* 

* The research in this document was supported jointly by the Army, 
Navy, and Air Force under contract with the Massachusetts Institute of 
Technology. 

| Dexter, Lax, Kip, and Dresselhaus, Phys. Rev. 96, 222 (1954). 


? FE. Burstein, Phys. Rev. 93, 632 (1954). 
4C. Kittel, Physica (to be published). 


L3. Recombination Processes in Tellurium.* Davin Rep- 
FIELD, ¢t Unwersity of Pennsyloania.—The statistical treatment 
of recombination processes in semiconductors developed by 
Shockley and Read' has been applied to tellurium using a 
proposal advanced by Rittner.? Data reported earlier on the 
photoconductivity of tellurium as a function of light intensity 
at 100°K showed a transition from linear to square root de- 
pendence that was suggestive of direct recombination.* How- 
ever, Rittner’s considerations indicated the possibility of 
explaining such a dependence by recombination through traps 
under certain conditions. This possibility has been analyzed 
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for p-type material, and the physical consequences of these 
conditions considered in the light of available information on 
tellurium. Without any assumptions regarding the magnitude 
of the recombination coefficients involved, it seems possible to 
distinguish between the different recombination mechanisms. 
On the basis of such analysis, direct recombination appears to 
be dominant in tellurium. 

* This work supported in part by the Office of Naval Research and the 
U. 8. Air Force 

t Socony-Vacuum Oil Company Fell 

1W. Shockley and W. T. Read, Phys.’ Rev. 87, 835 ( 


1E. S. Rittner, Photoconductivity (to be published). 
*D. Redfield, Photoconductivity (to be published). 


(1952) 


1A. Galvanomagnetic Effects in Single Crystals of An- 
timony.* H. J. Juretscuke anp S. J. Freepman, Polytechnic 
Institute of Brooklyn, anv S. Erste, Signal Corps Engineering 
Laboratory.—At room temperature the change of the resistivity 
tensor of antimony with magnetic field H can be expressed as a 
rapidly converging power series in H. For H<15 kgauss terms 
up to and including H* are important. Contributions from H* 
also play a small role. This effect has been mapped out by 
measurements of longitudinal and transverse voltages on Sb 
single-crystal rods, as a function of H and of the directions of 
the primary current and of the magnetic field with respect to 
crystal axes. The results are described in terms of a set of 
phenomenological coefficients of various products of the 
magnetic field components, compatible with the crystal sym- 
metry of Sb. For H in kgauss, the ratio of second- and third- 
power coefficients to the first-power Hall constants is of the 
order of 10°? and 10~*, respectively, although not all of the 
higher-order coefficients are of the same magnitude 


* This work has been supported in part by the Office of Naval Research. 


LS. Magnetoresistance in Germanium at Low Tempera- 
tures.* F. J]. Darne it anv S. A. Friepeerc, Carnegie Institute 
of Technology.—Magnetoresistance measurements have been 
carried out for oriented single crystals of n- and p-type 
germanium at temperatures down to 4.2°K. Magnetic fields up 
to 5400 gauss were applied in the longitudinal direction and in 
various transverse directions with respect to the current. The 
region in which (Ap/p)afl? is quite small, being exceeded at 
77°K, for example, by applied fields of a few hundred gauss and 
by still smaller fields at lower temperatures. The effects ob- 
served above nitrogen temperatures are similar to those 
reported by Pearson and Suhl.! For high-purity n-type 
material the results down to 20°K are in reasonable accord 
with the strong-field theory of Abeles and Meiboom? allowing 
only for scattering by lattice vibrations. The very large effects 
observed at 4.2°K may be treated with the same theory if 
impurity scattering is included. The applicability of this 
theory to p-type material at these temperatures will be 
considered. 


* Work  pungesses in part by the National Science Foundation and the 


Office of Naval Research 
'G. L. Pearson and H. Suhl, Phys. Rev. 83, 768 (1951). 
? B. Abeles and S. Meiboom, Phys. Rev. 95, 31 (1954). 


L6. Conductivity of Nickel Oxide as a Function of Tempera- 
ture and Surrounding Atmosphere.* Ropert Linpsay AND 
Joun J. Banewrcz, Southern Methodist University.—The 
electrical conductivity of NiO has been determined from 
temperatures of 200°C to 1000°C in atmospheres containing 
oxygen at partial pressures of 3 to 760 mm of Hg. Samples 
prepared by two different methods were used. One sample was 
made by sintering NiO prepared by the decomposition of 
Ni(OH)>s. The second sample was formed by treating nickel 
metal in air at 1000°C. Both samples had platinum potential 
probes embedded in them. For each atmosphere, reproducible 
curves were obtained. In all temperature regions the loge vs 
1/T plot was approximately linear. Characteristic tempera- 
tures were noted for each atmosphere at which the slopes of the 
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plots changed. In the upper temperature regions the conduc- 
tivity of NiO was found to increase with increasing oxygen 
pressure in the manner noted by Baumbach and Wagner.' 


* Assisted by agus from the Kesearch =e Wy 
! Baumbach and Wagner, Z. Physik. Chem. B24, 59 (1934). 


L7. Electronic Interaction of Imperfections in Semicon- 
ductors and Insulators. R. L. Loncini, Westinghouse Research 
Laboratories.—The concentrations of electrons and holes in 
sen.iconductors and insulators are modified by the introduction 
of impurities or of vacancies into an otherwise perfect crystal. 
As a result of this modification, certain electronic energies are 
added to the free energy of solution of these “particles.” In 
particular, if a crystal becomes very n-type, the p-type im- 
purities or vacancies can go into the crystal much more easily 
than in the intrinsic material and furthermore, n-type im- 
purities have greater difficulty in entering the crystal. Simi- 
larly, p-type impurities or vacancies in large quantity reduce 
the ease with which further p-type impurities or vacancies can 
come into the crystal and increase the solubility of n-type 
impurities. The extent of this effect is shown to depend 
drastically on the energy gap, such that in insulators almost 
any excess of n-type impurities will cause either p-type im- 
purities or vacancies to go into the lattice. This electronic 
interaction also affects the diffusion of substitutional im- 
purities in such a way that n-type impurities will have a 
tendency to diffuse more rapidly than p-type. 


L8. Comparison of the Condon and the Adiabatic Approxi- 
mations for an Impurity Center. JorpaAN J. MARKHAM, 
Zenith Radio Corporation.—For most purposes wave functions 
of an electron trapped at an impurity in a crystal are ap- 
proximated by the product of two functions, one involving the 
lattice coordinates and the other the position of the electron. 
The electronic function may be determined for the equilibrium 
position of the lattice (Condon approximation) or one may 
assume that the electronic wave function continuously adjusts 
itself to the instantaneous position of the lattice (adiabatic 
approximation). The first approach underestimates the kinetic 
energy and overestimates the potential energy, while the 
second does just the reverse. The author has compared the two 
approximations using the variational principle. Although the 
formal treatment is quite general and includes all the effects 
for harmonic vibrations, the actual terms were evaluated for a 
simple model. The calculations show that for extremely 
shallow traps the Condon approximation is slightly superior 
while for deep traps the adiabatic should be used. For traps of 
depths less than 0.2 ev the methods are essentially equivalent ; 
in any of these calculations, other approximations are made 
and they are of greater importance than the slight difference 
between the properly used Condon or adiabatic approxi- 
mations. 


L9. A Combined Tight Binding and Perturbation Theory 
of Graphite x States. ]. C. SLonczewski anp P. R. WEltss, 
Rutgers University.—Apparently the Fermi surface of graphite 
lies in the neighborhood of the #-band zone edges parallel to 
the hexagonal s-axis. A special method is used to estimate the 
energies in this region. The dependence of energy on &, is 
obtained by a tight binding method in which a Bloch sum is 
formed of solutions of the isolated layer approximation. The 
dependence of energy on k, and k, is obtained by perturbing 
the states whose wave vectors lie on the edge of the zone with 
the operator #*/im(k,d/8,+k,0/d,). Here k, and ky are 
measured from the zone edge. This method yields simple 
relations between variable x- and y-components of tensor mass 
and certain “vertical” energy gaps. Interaction between 
second-nearest layers results in band overlap. Spin-orbit 
coupling is found to modify the results stated. 
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L10. Propagation and Plasma Oscillation in Semicon- 
ductors.* Benjamin Lax anp Laura M. Roru,t Lincoln 
Laboratory.—The classical magnetoionic theory' can be ex- 
tended to semiconductors whose energy surfaces in the 
Brillouin zone are ellipsoidal or warped spherical surfaces 
possessing cubic symmetry. The conductivity tensors in either 
case are evaluated in a coordinate system in which the 
magnetic field is along one of the axes. The tensor is substi- 
tuted in Maxwell's equations and solutions are obtained for the 
propagation constant in terms of an effective conductivity. 
The effective conductivity is tabulated for the ellipsoidal 
models for longitudinal and transverse propagation for the 
high symmetry [001], [110], and [111] crystal directions. 
Polynomial equations for the plasma oscillation frequencies 
are obtained for each of these cases when the propagation 
constant is equated to zero. The theory is being extended to 
warped surfaces since approximate expressions for the con- 
ductivity tensor have been obtained in this case.* Modifications 
of the results when depolarizing effects* have to be taken into 
account will also be discussed. 

* The research in this document was supported jointly by the Army, 
Navy, and Air Force under contract with the Massachusetts Institute of 
Technology. 

t Now at Harvard University, Cambridge, Massachusetts, 

' E. V. Appleton, U.R.S.1. Reports, Washington (1927). 


*H. J. Zeiger (private communication 
*C. Kittel, Physica (to be published 
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L11. Radiation Effects in Gallium Antimonide. J]. W. 
CLELAND AND J. H. Crawrorp, Jr., Oak Ridge National 
Laboratory.—The conductivity of n- and p-type GaSb! of high- 
carrier concentration decreases monotonically under fast 
neutron irradiation and approaches saturation before any 
intrinsic behavior is observed. The removal rate of current 
carriers is approximately equal for both types of material for 
high carrier concentrations and is quite temperature depend- 
ent. Measurements of the Hall constant after exposure indicate 
the production of electron traps in n-type and hole traps in 
p-type and low-temperature (~120°C) heating indicates that 
some of these irradiation produced traps are thermally anneal- 
able. Extended high-temperature (~500°C) vacuum anneal, 
however, increases greatly the acceptor concentration of 
irradiated p-type specimens but does not markedly alter the 
acceptor concentration of unirradiated companion samples. A 
similar decrease in effective donor concentration of irradiated 
n-type material permits the formation of samples with a lower 
initial-carrier concentration. Reirradiation then indicates that 
the removal rate of current electrons in n-type material is not 
dependent upon initial-electron concentration. The removal 
rate of holes in p-type material, however, decreases rapidly for 
material of lower initial-hole concentration. 

1 We are indebted to Dr. Raymond L. Smith of the Franklin Institute for 


the p-type samples and to Dr. P. R. Frederikse of the National Bureau of 
Standards for the a-type samples used in these experiments 
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Continental Room 


(B. L. CRAwrorp presiding) 


Chemical Physics 


LAI. Improved Symmetrized Cell Theory of Liquids. J. 
DAHLER AND J. O. HirsCHFELDER, L’niversity of Wisconsin 
To obtain practical results from the cell theory of liquids, 


t 
seems necessary to assume a simple symmetry for the distri- 
bution of a molecule about its lattice site. This is accom- 
plished by replacing the interaction of the molecule with its 
neighbors by some “‘suitably averaged” interaction. In the 
Lennard-Jones and Devonshire treatment, the pair inter- 
action is replaced by its spatial average. We find that a Boltz- 
mann-type average is much more satisfactory. For an as- 
sumed symmetry of the distribution, our procedure provides 
an extension of Kirkwood's theory such that the resulting 


“ 


integral equation for the distribution function can be solved 
by numerical methods. We have found the function L defined 
by the double surface integral, 


SS for Rderder | ff dordes 
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= [°"* f(o,ri.ryR)L(o/R,ri/R,ta/R)/ Rap 


Pmin 


5142 


to be extremely useful. Here, r; and r; are the radii of two 
spheres, R the separation of their centers, p the separation of 
points on the two spheres, and f an arbitrary function of its 
arguments. L is found to be a quadratic function of p, different 
for various subranges of the interval (pmis,omax). For a variety 
of physical problems such as x-ray and electron diffraction, L 
may have application. 


LA2. (Abstract withdrawn.) 


LA3. Temperature-Pressure-Structure Effects on the Vis- 
cosity of Several Higher Hydrocarbons.* D. A. Lowrz, 
W. Wess, ano R. W. Scniess_er, The Pennsyloania State 
University.—The viscosity of several very pure high molecular 
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weight hydrocarbons has been determined at six temperatures 
ranging from 100°F to 275°F and at pressures ranging from 
15 to 50 000 psi by use of a rolling-ball viscometer. For three 
of the hydrocarbons for which pressure-density data were not 
available, the density was determined over the same limits of 
pressure and temperature by use of a flexible bellows piezom- 
eter. The group varies in molecular weight from 240 to 429 and 
comprises several structural families of chain to ring and 
cyclohexyl to benzenoid ring structure. When the pressure- 
viscosity data are plotted in the form logy/d vs [(v/r)* 
— K (vo/v)*], where 9 is the viscosity at pressure P, v» is the 
specific volume at atmospheric pressure, v is the specific vol- 
ume at FP, and K is a constant chosen for each compound, it 
is found that reasonably good straight lines are obtained 


* Research supported in part by America Petroleum Institute Project 42. 


LA4. A Study of the Compressions of Several High Molecu- 
lar Weight Hydrocarbons.* W. G. Cut_er, R. W. Scutess_er, 
AND W. Wess, The Pennsylvania State University.—Using 
the Bridgman sylphon bellows technique, compressions for 
several very pure liquid hydrocarbons have been measured to 
pressures as high as 150000 psi at 100°F, 140°F, 175°F, 
210°F, 239°F, and 275°F. The hydrocarbons have a molecular 
170 to 351 and include normal paraffins, 
cycloparaffins, fused ring aromatics, and fused ring napthenes 
The Tait equation, 1—v=C log(1+/P/B), provided a good 
empirical fit for the isotherms. In the above equation C and B 
are constants, v is the specific volume at pressure P, and 0% is 
The Hudleston 


where a 


weight range of 


the specific volume at atmospheric pressure 
relation, log[e'P/ (v9! —v!) ] =a — b(n! —v), ind 6 are 
constants and other symbols have the same meaning as above, 
has also been examined. Isobars and isochores have been drawn 
and studied over the full range of pressure and temperature 
lhe effect of molecular structure on the compressibility of the 


hydrocarbons has been examined 


* Part of the work of Research Project 42 American Petroleum 


Institute 


a the 


LAS. Statistical Mechanics of Isotopic Systems with Small 
Quantum Corrections.* Jacop BiGeLeisen, Brookhaven Na- 
tional Laboratory.—The differences in the thermodynamic 
properties of isotopic molecules, which can be described by the 
first quantum correction (u*?/24 law), depend on the difference 
in the reciprocal masses of the atoms in the molecule, and are, 
therefore, independent of all masses except for those atoms 
isotopically This theorem provides a 
proof of the rule of the geometric mean for gaseous molecules 
Che theorem shows that the partition function ratio for double 
labelled molecules is equal to the appropriate ratio for single 
The rule of the geometric mean for the 
vapor pressures can be derived using the assumption that the 
The 


vapor pressures of the liquid hydrogens can be calculated in 


substituted rigorous 

labelled molecules 
' 

internal energy states are the same in the liquid and gas 

good agreement with experiment from the vapor pressures of 


any two, e.g., H; and HD 
molecules of the type X Y,, X ¥..:¥" can be expressed in 


The partition function ratios for 


terms of the masses Y and Y’ and the symmetrical stretching 
frequency. This permits an evaluation of the experimental 
data on the fractionation of H,O** and H,O"* by cations in 
terms of the breathing frequency. The results are in agreement 


with predictions from an electrostatic model 


* Research carried out under the auspices of the U. S. Atomic Energy 


Commission 


LA6. Derivation of a Quantum-Statistical Transport Equa- 
tion for Dilute Gases. A. W. SAenz, Naval Research Laboratory. 
We have derived a quantum-statistical transport equation 
for dilute gases composed of particles of spin zero using the 
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properties of Wigner distribution functions (d.f.’s), Kirk- 
wood’s method of time averaging over a suitable interval r,' 
and the formal time-dependent scattering theory. Our main 
assumptions may be stated roughly as follows: (i) the hypoth- 
esis of binary collisions; (ii) the effect of the statistics need 
only be taken into account for pairs; (iii) the d.f.’s are slowly 
varying over suitable microscopic regions and the time- 
averaged d.f.’s depend only secularly on time; (iv) an assump- 
tion of molecular chaos appropriate to bosons. The collision 
terms of our equation of transport contain an exact cross 
section: they reduce to those given by Kirkwood and Ross* 
when we evaluate this cross section according to the first 
Born approximation. The relation of our work to that of Mori 
and Ono,’ Ono,‘ and Kirkwood and Ross? will be mentioned. 

1 J. G. Kirkwood, J. Chem. Phys. 14, 180 (1946); 15, 72 (1947). 

4J. G. Kirkwood and J. Ross, J. Chem. Phys. 22, 1094 (1954). 


*H. Mori and S. Ono, Progr. Theoret. Phys. 8, 327 (1952). 
*S. Ono, Progr. Theoret. Phys. 12, 113 (1954) 


LA7. Einstein-Bose Gas Below the Critical Temperature. 
J. Forp ann T. H. Beriin, Johns Hopkins University.— 
The canonical partition function for an ideal Einstein-Bose 
gas is often expressed as a contour integral and then evaluated 
by the method of steepest descent. It had previously been 
thought that this method failed below the critical tempera- 
ture, since the saddle point then became congruent with a 
singularity of the integrand. This difficulty can be overcome 
by using an indented contour. The partition function thus 
evaluated yields the same expressions for thermodynamic 
variables as are obtained by other procedures 


LA8. Statistical Mechanical Calculation of the Data of 
State of the Helium Isotopes at Intermediate Temperatures 
and Densities.* ApranAam S. FRIEDMAN AND IRWIN OPPEN- 
HEIM, National Bureau of Standards.—Series expansions for 
the quantum mechanical partition functions, distribution 
functions, and thermodynamic functions, which were de- 
veloped previously,' have been applied to the computation of 
the quantum mechanical compressibility factors for the iso- 
topes of helium. DeBoer’s quantum corrected values of the 
Lennard-Jones 6-12 intermolecular force constants were used, 
and the differences in compressibility factors, Zue‘— Zu. and 
Zuet'—Zuet were computed over a wide temperature and 
pressure range. 

* Supported in part by the U. S. Atomic Energy Commission, Division of 


Research 


11, Oppenheim, Bull. Am. Phys. Soc. 29, No. 8, 10 (1954), abstract D6. 


LA9. Ideal Gas Thermodynamic Functions of the Isotopic 
Hydrogen Sulfides.* Lester Haar, Joe C. BRADLEY, AND 
ABRAHAM S. FriepMan, National Bureau of Standards.—The 
ideal gas thermodynamic functions for H;S, D.S, T:S, HDS, 
HTS, and DTS were calculated from molecular data. The 
recent spectroscopic data for H,S and D,S by Allen! were em- 
ployed. The zero-order frequencies and the moments of inertia 
of the other isotopes were calculated from the H,S and D,S 
data. The partition functions are obtained in closed form. 
The calculations include high-temperature corrections for 
vibrational anharmonicity, rotation-vibration coupling, cen- 
trifugal stretching, and a low-temperature correction for non- 
classical rotation, in addition to a correction for the ortho-para 
effect.2 The statistical calculations were performed on the 
National Bureau of Standards digital computer—SEAC. 
Tables of C,°/R, (H®°—E,®)/RT, —(F°—E,’)/RT, and S°/R, 
have been calculated at close temperature intervals from 
50°-5000 °K. 
= * Supported in part by the U. S. Atomic Energy Commission, Division of 

esearch 


C. Allen, Jr 


H private communication). 
'H. W. Woolley 


in preparation). 
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Exhibit Hall II 
(U. Fano presiding) 


Invited Papers from the National Bureau of Standards 


M1. Direct Measurement of Negative-Ion Affinities. L. M. BRanscoms, NBS. (30 min.) 
M2. The Theory of Electron Penetration. L. V. Spencer, NBS. (30 min.) 

M3. Elastic Scattering of Photons from 5 to 30 Mev. E. G. Futter, NBS. (30 min.) 
M4. Nuclear Orientation at Low Temperatures. Ernest Amater, NBS. (30 min.) 





Frmpay AFTERNOON AT 2:00 


Main Ballroom 


(E. SEGRE presiding) 


Scattering and Polarization of Nuclei 


Nl. Polarization Effects in Proton-Proton Scattering at 
210 Mev.* EMANUEL BaskiR,t JOHN TINLOT, AND SIDNEY 
Serta, University of Rochester.—Measurements have been 
made of the angular dependence of proton polarization pro- 
duced by p-p collisions at 210-Mev laboratory energy. A 
highly-polarized beam of protons, produced by scattering from 
a carbon or a beryllium target at 15°2:1°, is scattered from 
a second target and is counted in a multicrystal telescope 
mounted on a rotatable arm. The mean beam energy is 
21042 Mev; full width at half maximum, 10+2 Mev. Both 
polyethylene and liquid hydrogen second targets have been 
used to cover the barycentric angular range from 20° to 90° 
Preliminary measurements have also been made at lower 
energies, e.g. 130+10 Mev and indicate agreement with re- 
sults obtained at Harwell. A least squares fit to the 210-Mev 
data will be presented, and comparison made to results ob- 
tained at other energies. 

* Work supported by the U. S. Atomic Energy Commission. 


¢t National Science Foundation Predoctoral Fellow. 
! Dickson and Salter, Nature 173, 946 (1954). 


N2. Polarization of 210-Mev Protons Elastically Scattered 
from Carbon.* W. G. Cuesnut, E. M. Harner, ann R. 
HARDING, University of Rochester—The angular dependence 
of scattering asymmetry has been measured using a carbon 
scatterer in the highly-polarized external 210-Mev proton 
beam from the Rochester cyclotron. Data were taken simul- 
taneously in several energy intervals near the elastic peak by 
means of seven scintillation counters and differential absorbers 
mounted on the rotating telescope arm. This system allows 
several checks upon success in separating elastically scattered 
protons from those which leave the carbon nucleus in its 4.4- 
Mev excited state. The results indicate small contamination 
of inelastically scattered protons in the count obtained for the 
channel of highest energy. The observed asymmetry that is 
believed to represent principally elastic scattering reaches a 
maximum at approximately 17°, shows a decided dip to a 
minimum at 30°, and then rises sharply up to 37.5° in the 
laboratory which is the largest angle at which measurements 
have so far been made. Estimates of the absolute values of 
(da /Aw)e and (A0/dw), will be given. 


* Work supported by the U. S. Atomic Energy Commission. 


N3. Phase-Shift Analysis of 210-Mev Proton Polarization.* 
E. M. Harner ano W. Cuesnut, University of Rochester.— 
Attempts have been made to describe the results of the 
preceding paper in terms of sets of 40 phase shifts for partial 
waves up to /=10. The optical model of Taylor,’ and the /-s 
potential suggested by Fermi? and developed by Sternheimer,’ 


were used as guides in this work. A spin-independent potential 
intermediate between a square well and a harmonic-oscillator 
well, combined with a harmonic-oscillator spin-dependent 
potential, produce a qualitative description of the results 
The phase shifts can then be perturbed in such a way as to 
give an accurate fit to the data up to 0 = 30°, but they predict 
stronger polarization at larger angles than is actually observed. 
Possible causes of this discrepancy will be discussed. 

* Work supported by the U. S. Atomic Energy Commission. 

1T. B. Taylor, Phys. Rev. 92, 831 (1953). 


2 E. Fermi, Nuovo cimento 11, 407 (1954) 
*R. M. Sternheimer, Phys. Rev. 95, 587 


1954). 

N4. Negative Pressure Pentane Bubble Chamber Used in 
High-Energy Experiments.* + RicHarp J. PLANot AND IRWIN 
A. PLEss, The University of Chicago.—A negative pressure iso- 
pentane bubble chamber has been constructed and used to 
examine high-energy proton interactions with hydrogen and 
carbon. The sensitive fluid is contained in an all glass system 
with inside dimensions 131327 mm. The flat walls were 
polished to allow precision photography. The chamber was 
operated at a temperature of 127°C, compressed with a posi- 
tive pressure of 40 atmospheres, and expanded to a negative 
pressure of 2.5 atmospheres. The recycling time was typically 
two seconds and included the following operations. The 
chamber was expanded to the desired negative pressure after 
which the cyclotron was pulsed. The incident protons passed 
through a counter telescope in front of the chamber, giving a 
coincidence pulse which was delayed 4 microseconds and used 
to trigger a light flash of duration 3/4 microsecond. Two 
35-mm cameras were used in a 90° stereo arrangement to 
permit maximum accuracy in angular measurements. 

* Abstract placed in this session at special request. 

+ Research supported by a joint program of the Office of Naval Research 


and the U. S. Atomic Energy Commiasion. 
3? National Science Foundation Predoctoral Fellow. 


NS. A Study of 456-Mev Proton Interactions with Hydrogen 
and Carbon.* Irwin A. PLess anp Ricwarp J. PLANO,t The 
University of Chicago.—The negative pressure bubble chamber 
described in the preceding abstract was used to investigate 
high-energy proton interactions with hydrogen and carbon. 
Proton-proton elastic scatterings are distinguished from 
proton-carbon interactions down to a laboratory angle of 4°. 
The accuracy on our angular measurements exceeds 1°. A 
typical hour of scanning will reveal on the order of one proton- 
proton scattering, three elastic proton-carbon scatterings, and 
five proton-carbon inelastic reactions. Total cross sections 
obtained are in good agreement with published data. The 
carbon-star prong distribution will be presented, as will 
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histograms describing the angular distribution of elastic 
proton-proton, elastic proton-carbon, and quasi-elastic proton- 
nucleon scatterings 

* Research supported by a joint program of the Office of Naval Research 


and the U.S. Atomic Energy Commission 
1 National Science Foundation Predoctoral Fellow 


N6. P—P Interactions at 3 Bev.* A. KeRnant anv R. 
Cester, University of Rochester.—I\ford G-5 emulsions were 
exposed to the internal beam of the Brookhaven proton syn- 
chrotron in order to proton-proton 
the incident beam energy was determined to be 3 
The plates were 
examined under high magnification using the along-the-track 
scanning technique. Only those events were accepted for 
analysis having an even number of prongs (exclusive of the 
incident proton) and satisfying certain kinematical criteria 


study interactions in 
emulsion ; 


Bev by the relative scattering technique.' 


necessary to insure their compatibility with an initial nucleon- 
either with an H-atom of the emul- 
sion or a proton of an emulsion nucleus. Of twenty events 
scatterings, 10 


nucleon interaction; Le 
completely analyzed to date 3 are elastic 
represent single r-meson production and 7 represent multiple 
x production (>2* mesons). Additional data will be pre- 
sented and the cm angular distribution for the single x produc- 
tion will be given. The data obtained for the inelastic events 
will be compared with current theoretical predictions 


* This research supported in part by the U. S. Atomic Energy Com 
Mission 
t American Association 


1M. Koshiba and M. F 


# University Women Fellow 
Kapion, Phys. Rev. 97, 193 


1955 

N7. Elastic Scattering of 40-Mev Alpha Particles from 
Heavy Nuclei.* Harvey E. Weoner, R. M. EtsperG, and 
G. Ico, Brookhaven National Laboratory.—Recent experi- 
ments' on the elastic scattering of alpha particles from heavy 
nuclei have been successfully interpreted by several theo- 
retical methods 
angular distribution for the elastic scattering of 40-Mev alpha 
particles from Th, Pb, Au, Pt, W, and Ta, in order to provide 
additional data which may be used to differentiate between 
The scattered particles were detected, at 


In this experiment we have measured the 


these methods. 
laboratory angles ranging from 20 to 55 degrees, by a thin 
Nal (Tl) crystal mounted on a Dumont 6292 photomultiplier 
tube. The elastically-scattered alpha particles were separated 
from the other particles by pulse height analysis. Slides will 
be shown giving the ratio of the observed cross section to the 
Coulomb cross section as a function of laboratory angle 
This ratio decreases approximately exponentially for scatter- 
ing angles greater than a certain critical angle. In order to 
provide a simple comparison of the results of this experiment 
with previous data, slides will be shown giving the ratio of the 
observed cross section to the Coulomb cross section as a 
function of parameters which are common to all three experi- 
ments, such as the momentum transfer or the apsidal distance 
of the classical trajectory. 

* This work has heen carried out at the Brookhaven 60-inch cyclotron 


under the auspices of the U. S. Atomic Energy Commission 
+ G. W. Farwell and H. E. Wegner, Phys. Rev. 95, 1212 


1954 

N8. Absolute Angular Distribution of 20-Mev Protons 
Elastically Scattered by Oxygen and Nitrogen.* Ricuarp H 
Cuowt anp Byron T. Wricat, University of California, 
Los Angeles.—The absolute angular distributions of 20-Mev 
protons scattered elastically by O"* and N“ were determined 
using the externally deflected beam of the U.C.L.A. synchro- 
cyclotron. The scattered protons were detected with angular 
resolution of about +1.3° by an Nal (TI) scintillation detector 
with about 1.5 percent energy resolution full width at half 
maximum, The low-counting rate at 60° and beyond for O'* 
was overcome by scattering from a solid LiOH target about 
6} mgm per cm? thick and resolving the various groups of 
elastically-scattered protons. The relative distribution so 
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obtained was normalized at 60°. For N“, at 45° and beyond 
the protons were scattered from the gas confined at one at- 
mosphere pressure in a small cylinder constructed of 0.0005-in. 
duraluminum and 0.001-in. ‘Mylar’ polyester foils. The vari- 
ous methods were cross checked and agreed within statistics. 
The resultant angular distributions for the two elements were 
similar but the minima in the oxygen curve were slightly 
deeper. In terms of the optical model this feature can be in- 
terpreted qualitatively as less absorption in the case of O** 

* Assisted by the joint program of the Office of Naval Research and the 


U. S. Atomic Energy Commission 
Tt Now at the Atomic Energy of Canada Limited, Chalk River, Ontario. 


N9. Elastic Scattering of 17-Mev Protons by Nuclei.* 
G. SCHRANK, Princeton University.—Angular distributions of 
17-Mev protons elastically scattered by Ta, W, and Bi have 
been obtained. Data was taken every five degrees from 20° to 
172° with an absolute standard-deviation error of three per- 
cent. A five-parameter optical model, based on a complex 
potential with a fuzzy boundary, and including a nuclear spin- 
orbit term of the Thomas type, is used in an attempt to fit 
the data. In addition, angular positions of the second diffrac- 
tion minimum for about twelve light nuclei have been experi- 
mentally determined with an accuracy of about 0.2 percent. 
The usefulness of this data in observing local variations in 
nuclear “‘radii” will be indicated. 


* Work supported by the U. S. Atomic 


Higgins Fund 


Energy Commission and The 


N10. Differential Cross Sections for Elastic Scattering of 
Nitrogen by Nitrogen. H. L. ReyNo_ps aNnp A. ZUCKER, 
Oak Ridge National Laboratory.—The angular distribution of 
nitrogen elastically scattered by nitrogen was measured for 
laboratory energies from 13 to 22 Mev. A gas target at a 
pressure of approximately 4 cm of mercury was used with 
Ilford D-1 nuclear emulsions as the particle detectors. The 
incident beam was collimated to +1 deg while the angular 
acceptance of the detector was +1 deg. Absolute values for 
the differential cross sections were obtained by normalizing 
the angular distributions to the calculated Coulomb cross 
sections at small angles, where nuclear forces did not con- 
tribute to the cross sections. At the lower energies the inter- 
ference term in the Mott Coulomb-scattering formula clearly 
appears, illustrating the known spin and statistics of nitrogen. 
\s the energy is increased the differential cross section falls 
below that predicted for Coulomb scattering because of the 
increasing importance of the nuclear interaction. At 22 Mev 
the differential cross section at 45 deg in the laboratory system 
is about 4 of the Coulomb cross section, with the deviation 
from the Coulomb cross section beginning at about 25 deg. 


Nil. Energy Levels of Na*'.*-+ W. Haeser.i, University of 
Wisconsin and Duke University.—A phase-shift analysis of 
Ne*™(p,p)Ne™ cross-section data! has been performed. Reso- 
nance phase shifts have been extracted by a new method which 
will be discussed. The analysis indicates resonances with the 
following resonant energies (E,, Mev), total widths (kev), 
angular momenta and parities: 1.81, 180, 3/2-; 1.953, 6, 
5/2*; 2.135, 17, 3/2*; 3.176, 110, 1/2*; 3.566, 25, 3/2-; 
3,828, 6, 5/2, or 7/2-; 4.28, 150, 3/2*, or 5/2*; corresponding 
to virtual states of Na™ at 4.18, 4.31, 4.49, 5.48, 5.85, 6.10, and 
6.53 Mev respectively. With the exception of the 6.10-Mev 
state, all these levels are found to have an elastic width 
r,>0.7P. An anomaly in the cross section observed at E, =2.7 
Mev cannot be analyzed in terms of a single resonance. Also 
unassigned so far is a narrow resonance at E,=3.552 Mev 
([!'~2 kev) and a resonance with a small elastic width 
(tT, <O0.1P) at E,=3.42 Mev (T'~20 kev). 

* Abstract placed in this session at special request. 

+ This work was supported by the Wisconsin Alumni Research Founda- 


tion and the U. S. Atomic Energy Commission. 
' Haeberli, Galonsky, Goldberg, and Dougias, Phys. Rev. 91, 438 (1953). 
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FrmpAY AFTERNOON AT 2:00 
Exhibit Hall I 
(E. O. SALANT presiding) 


Mostly Hyperons and Heavy Mesons 


Pl. Production of Heavy Mesons at the Bevatron.* L. T. 
Kertu, D. H. Stork, R. W. Brrce, R. P. Happock, AND 
M. N. Wuiteweap, University of California, Berkeley.— 
Heavy mesons produced at 90° to the 5.7-Bev proton beam at 
the Berkeley bevatron have been focused by quadrupole mag- 
nets and deflected into a shielded region by means of an 
analyzing magnet. The target was copper, } in. high and 1 in. 
in the beam direction. The distance from target to image 
was nine feet and the vertical and horizontal magnifications 
were 2.5 and 0.6, respectively. The focusing characteristics 
and momentum dispersion were investigated by placing 
nuclear plates at the image and determining the range and 
spatial distributions of protons produced at the target. A 
small emulsion stack has been exposed to 135 Mev positively 
charged K's. The processed emulsions were scanned by 
searching for nonminimum tracks and following each track 
to the end of its range. Background was sufficiently low so 
that 17 K's with a single lightly ionizing secondary track and 
3r’s were found in 24 man-hours of scanning. On the basis of 
past experience this represents an increase in scanning effi- 
ciency of about two orders of magnitude. 


* This work was performed under the auspices of the U. S. Atomic Energy 
Commission. 


P2. $ Decay of K-Mesons.* G. Yexutie.i, M. F. Kapton, 
AND J. KLARMANN, University of Rochester.—Two events in 
emulsion have been observed that are interpretable as the 
decay of a K-meson into an electron and two neutral par- 
ticles. In the first, the decay track is emitted at minimum 
ionization with an energy of 260 Mev; identification rests upon 
the fact that it loses 110 Mev in 4.6 cm with no change in 
ionization, an abnormal loss for a x or 4 meson but not for an 
electron. In the second, the secondary is emitted with 20 Mev 
at minimum ionization; in terms of known particles it must be 
an electron. For both particles the primary mass is ~1000 m,. 
In view of these and other recent observations on the K-elec- 
tron decay’ it now seems conclusive that a K-meson exists 
decaying into an electron and two neutral massless particles 
(this is implied by the first event above). It is thus interesting 
to inquire as to whether those K-decays giving a continuous 
electron or ~ meson spectrum may not be alternate modes via 
a Fermi interaction. The branching ratio is of order unity and 
the lifetime ~10~ second assuming a universal Fermi inter- 
action.? A survey of the observations on K-meson decay in 
emulsion shows that the data do not contradict this hypothesis. 

* This research was supported in part by the U. S. Air Force through the 
Office of Scientific Research, Air Research and Development Command. 

) Recent observations reported by G. Goldhaber and M. G. K. Menon 


at Fifth Annual Rochester Conference. 
2A. M. L. Messiah (unpublished). 


P3. High-Energy Cosmic-Ray Soft Showers in Nuclear 
Emulsion.* M. Kosnipa anp M. F. Kapton, University of 
Rochester.—A stack of stripped emulsion flown in Sky-Hook 
Balloons at 41° geomagnetic latitude has been scanned for 
high-energy soft showers. More than twenty cases of pure 
electron showers have been observed and analyzed for which 
the apparent origin consists of a single electron pair in emul- 
sion. The nature of these showers (initial pair energy in the 
region of 10 Bev) as well as the initial cascade development 
has been investigated, with special attention to the trident 
process' in the early development. Most of these showers are 
consistent with the assumption that they originate from the 


conversion of the decay photons from locally produced r® 
mesons. However, there are a few anomalous cases* not easily 
reconcilable with our present knowledge. 

* This research was supported in part by the U. S. Air Force through the 

of Scientific Research, Air Research and Development Command. 

1M. Koshiba and M. F. Kaplon, Phys. Rev. 97, 193 (1955). 

Schein, Haskin, and Glasser, Phys. Rev. 95, 855 (1954); A. Debenedetti 
et al., Nuovo cimento 12, 954 (1954); and N. Dallaporta (private com- 
munication). 


P4. “V-Particles” in Nuclear Emulsion.* J. KLARMANN, 
M. F. Kapton, ano G. YEKUTIELI, University of Rochester.— 
Emulsion stacks are well suited for precise energy determina- 
tions and identification of relatively energetic charged par- 
ticles (effective energy limit determined by stack size) since 
they can be stopped and their energy determined by range 
measurement while identification is assisted by the charac- 
teristics of the track terminus. Emulsion stacks should thus 
afford the most precise Q-value determinations for unstable 
particles if they can be detected and their decay fragments 
stop. We have searched for “V-particles’’ by tracing back 
trajectories of ¢ mesons; for those events in which the meson 
originates from a 2-prong star, the other prong being an ending 
proton, we calculate a Q-value assuming decay of a neutral 
particle into a proton and x~ meson. Very precise Q-values are 
reported for the A® decay in this way.’ At present 12 V-par- 
ticles selected this way in our laboratory give a spectrum of 
Q-values including 3 between 36.6 and 37 Mev and two with 
30.3 and 30.5 Mev, respectively. The latter two (having no 
counterpart in cloud chamber investigations) suggest a pos- 
sible background of simulated V-particles in emulsion coin- 
ciding with the A°. 

* This research was supported in part by the U.S. Air Force through the 
Office of Scientific Research, Air Research and Development Command 


1 Nuovo cimento Suppl. 2, 461 (1954). The data reported here seems 
deficient in low Q-values. 


PS5. Comparison of Ionization-Range Methods of Mass 
Estimation. F. W. O’Dett anp M. M. Suartro, Naval Re- 
search Laboratory.—For charged particles which come to rest 
by ionization loss in nuclear emulsion, two principal methods 
of mass estimation based on the variation of ionization with 
residual range (I-R) have been employed: grain density 
versus range and mean gap length versus range. These methods 
are particularly applicable, respectively, to relatively long 
ranges (where the track is ‘‘grainy'’) and to short ones (where 
the track is dense). For the first method (gain density vs R) 
the subjectivity of counting grains in “blobs” has been cir- 
cumvented by measuring blobs and employing the convention 
that the grain count for a blob is proportional to its length. 
This procedure yields high reproducibility and satisfactory 
mass evaluation. A third method, utilizing as an index of 
ionization the ratio of integrated blob length to gap length, 
has been explored for its possible applicability, especially at 
shorter ranges. This technique, as well as the other two, has 
been applied to protons, pions, and K-mesons with a view to 
comparing the precisions obtainable with the three I-R 
methods when comparable times are invested in measurement. 


P6. Stopped K-Mesons Observed near the Geomagnetic 
Equator. B. Sritter, M. M. Suapiro, anv N. Seeman, Naval 
Research Laboratory.—Stacks of stripped emulsions were ex- 
posed to the cosmic rays at an atmospheric depth of 12 g/cm* 
and geomagnetic latitude 10°N. Application of scattering- 
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range and ionization-range measurements to 16 K-meson 
tracks,' as well as to calibration tracks of stopped protons and 
pions, shows that I-R methods are capable of greater pre- 
cision for comparable effort and available track length than 
S-R. Mass histograms for the group of K-primaries exhibit 
somewhat lower than but compatible with the 
tau-meson For those K-mesons which exhibit a single 
fast charged decay product, ionization and p8 values were 
obtained for secondary tracks of sufficient length. These 
results are employed to infer the relevance of the respective 
schemes K yo +v and y->r +r’ to those K-decays. Measure- 
ments of the star products arising from the capture of nega- 
“complete 


“best values 
mass 


tive K-mesons are also reported. A positive-tau 
meson event, including the star origin and all three terminating 


pion secondaries, is analyzed 


1 Seeman, Shapiro, and Stiller, Bull. Am. Phys. Soc. 30, No. 1, 63 (1955), 


abstract Z2 


P7. Recent Results on S-Particles.* H. DeSrarser, JR., 
H. S. Brinpce, B. Rossi1, anp B. V. Sreexantan, M_J.7T.— 
Data concerning K-mesons observed to decay at rest in a 
multiplate chamber (S-events) are reported. The distribution 
of the secondary ranges clearly exhibits two peaks one at 
about 75 g cm™* copper and another at about 45 g cm™* copper 
The first group supports the two-body decay proposed by the 
Paris group K yt 
addit onal evi 
the Bristol group. According to our results the neutral parti 


second group provides strong 


proposed by 


~ut+v. The 
lence for the x meson originall 
le 


in this decay must be a x* meson piz.; x->r+2°. Since the 
secondary range distribution is not continuous it is improbable 
that an appreciable fraction of the secondary particles arise 
from a three-body decay process 


* TI wf the Office of 





is work was supt 
Naval Research and t 


rted in part by the joint program 
S. Atomic Energy Commission 





P8. Timing Measurements on Penetrating Cosmic Ray 
Showers.* Kennetu W. Rosinson,t Princeton University.— 
Time delays in local penetrating cosmic-ray showers have 
been measured using scintillation and Cerenkov detectors and 
a chronotron. After correcting for background a single ex- 
ponential decay curve is obtained corresponding to a mean 
lifetime of 8.00+0.72 millimicroseconds. These delayed events 


The 


ée events 


us decays of stopped K-mesons 
background is analyzed into accidental and r— 
and a ratio of x* to K of 8 to 1 is obtained, uncorrected for 
cies. An 
uverage particle multiplicity of 6 for the 
ilysis 
riment in which the Ceren 


with thin Pb plates 


may be interpreted 


relative detection efhcier ussociated Ge iger counter 

hodosco ~ gives an 
pe sg 

delayed events interpreted as K-particles. Preliminary an 


of the data 


kov detector 


mht tined from in 
were surrou ided alternately 


and equivalent Al plates indicates that gamma rays are asso- 


ex pe 


ciated with some of these delayed events Comparisons will 


be made with a similar previous experiment.* 
* Supported by the 

U. S. Atomic Energy 
t National Science F 
1H. Bridge, N 
*L. Mezzetti and J. W 


am of the Office of Naval Research and the 





Keuffel, Phys. Rev. 95, 858 (1954 

P9. Momentum and Ionization Measurements on Charged 
V-Particles.* W. B. Fretrrer, E. W. Friesen, G. E. Kerrier, 
anp L. LaGarriGue, University of California, Berkeley.—We 
have made several direct measurements of the mass of the 
primaries of charged V-particles by ionization-momentum 
measurements in a cloud chamber' at sea level. We have also 
measured the momentum p* of the secondaries in the center of 
To make this calculation, 


The first is to obtain the velocity 


we can use two inde- 
of the 
primary directly from the ionization measurement. The second 
is to use the measured momentum and an assumed mass. One 


mass system 
pendent methods 
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negative particle has a mass of 1150+140 electron masses. 
The p* for the secondary is 171418 Mev/c for a uw meson and 
165418 for a x meson, by the ionization method. If we as- 
sume that the mass of the primary is 955 M, we find p* =157 
+16 for a x secondary. This particle does not appear to be a 
7, 0, or Ku~s, but could be a Ku~;. The ionization measure- 
ments on the secondaries indicate that most of them are light 
mesons and not electrons. 

* Assisted by the joint program of the Office of Naval Research and the 


U. S. Atomic Energy Commission. 
'W. B. Fretter and E. W. Friesen, Rev. Sci. Instr. (to be published). 


P10. Angular Correlations in V°-Particle Decays.* B. V. 
SREEKANTAN, A. PEVSNEK, AND G. Sanpri, M.J.7.—Thirty- 
four cases of neutral V-particles produced inside the plates of 
a multiplate cloud chamber, by charged primaries, have been 
inalyzed to find whether there exists any correlation between 
the production and decay planes of neutral V-particles. In 
twenty-four cases the limits on the Q-values of the V°-particles 
could be determined, and the particles could be identified as 
probable A®’s. All these cases are inconsistent with 3's. In 
the remaining ten cases the V°-particle could not be identified. 
he distribution of the dihedral angle between the production 
and decay planes, based on these thirty-four cases, appears to 
be consistent with an isotropic distribution and does not show 
any marked tendency for the two planes to be parallel. Several 
more cases of single V's and a few cases of double (Vo, Vo), 
and (Vo, Va) are being analyzed. Data on all these cases will 
be presented. 


* This work was supported in part by the joint program of the Office of 
Naval Research and the U. S. Atomic Energy Commission 


Pil. Evidence for Charge Asymmetry of V*-Particles.* 
Y. B. Km, J. R. Burweti, R. W. Huccert, anp R. W. 
Tuompson, Indiana University.—It was previously reported! 
that the p,-distributions and the distributions of decay points 
in the chamber indicate a V* charge asymmetry. Further 
analysis indicates that the V~-lifetime is of the order of 10-™ 
but might be as long as 10~* second. The V*-lifetime appears 
to be considerably longer. Although the statistics are limited, 
the V*-events suggest a long lived K*-+(L*+one neutral) of 
mass about 1000 m, The mean value of p’ for 3V*-events is 
222+5 Mev/c, in excellent agreement with the K,.? If a 
substantial number of V*-particles* are 6*, the lifetime of 6* 
is probably considerably longer than @. Although the sta- 
tistics are limited, the p,-distribution of V~ does not suggest 
in isotropict two-body decay process of a homogeneous group. 

* Assisted by the Office of Ordnance Research and by a grant of the 
Frederick Gardner Cottrell Fund of the Research Corporation 

' Kim, Burwell, Huggett, and Thompson, Phys. Rev. 96, 229 (1954) 

* Gregory, Lagarrigue, Leprince-Ringuet, Muller, and Peyrou, Nuovo 
cimento 11, 292 (1954 

* Hudson, Ballam, Arnold 


Rev. 96, 1089 (1954 
4 The Princeton group reports that V 


Harris, Rau, Reynolds, and Trieman, Phys. 


secondaries are emitted backward 


in the C-M system (Rochester Conference, 1955 

P12. Multiplicity Distribution of O+N, Stars. D. T. Kina, 
Vaval Research Laboratory.—A track-following method has 
been used to find 149 stars, comprised only of thin or gray 


tracks, in GS emulsions which had been exposed to the cosmic 
radiation. The stars are selected according to the requirements 
that (1) at least two charged particles appear to emerge and 
(2) the ionization of all tracks corresponds to velocities exceed- 
ing ~0.3 c. These criteria describe collisions of fast incident 
particles with hydrogen nuclei or edge nucleons of heavier 
nuclei in the emulsion. Among these stars, 19 percent are at- 
tributable to doubly-charged primaries, 72 percent to singly- 
charged primaries and 9 percent show no charged primary. 
The distribution in the number N of emergent tracks for the 
107 stars of type O+N, will be discussed. 
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P13. Analysis of Properties of Secondary Particles in 
Nucleon-Nucleon Collisions at Very High Energy.* R. G. 
Gasser, D. M. Haskin, AND MARCEL SCHEIN, University 
of Chicago—The momentum of the individual particles 
emitted in the “outer cone” of the S-star' was measured. This 
star has a primary energy of 2X10" ev. In addition a lower 
limit to the momentum of the particles in the “inner cone” 
was obtained. It was found that one of the particles in the 
inner cone had an energy of 50 Bev from track-to-track 
scattering. On transforming the trajectories of the tracks 
from the laboratory (L-) system to the center-of-mass (C-) 
system for the nucleon-nucleon collision, the inner cone be- 
comes the forward cone and the outer cone the backward cone. 
These two cones have a half-angle of about 20° each in the 
C-system, assuming in the transformation that all particles 
are pions. The symmetry in the C-system is satisfactory under 
this assumption, but from the properties of the Lorentz 
transformation, it can be shown that the presence of proton- 
antiproton pairs would distort this symmetry and that the 
energy of such pairs would be appreciably greater than that 
of the pions. The results of this investigation are compared 


P AND PA 643 
with theories of multiple meson production including those of 
Landau and Heisenberg. 

* Supported in part by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

1 Lord, Fainberg, and Schein, Phys. Rev. 80, 970 (1950); R. G. Glasser 
and Marcel Schein, Phys. Rev. 90, 218 (1953). 


P14. Further Investigations on the Photon Event.* Marce. 
Scuein, D. M. Haskin, ano R. G. GLasser, University of 
Chicago.—The high-energy photon event found in a pellicle 
stack exposed in the stratosphere above Texas in 1954' has 
been analyzed carefully. The longitudinal and radial distribu 
tion of pair origins has been accurately determined, providing 
evidence for the convergence of pair origins in a distance of 
several centimeters from the entry of the event into the pellicle 
stack. The angular spread of the event is estimated to be 
2X10-* radian. Energy measurements from multiple scatter- 
ing on most of the pairs will be presented. At very high energies 
track-to-track scattering was employed. Possible interpreta- 
tions of the photon event will be discussed. 

* Supported in part by the joint program of the Office of Naval Research 


and the U. S. Atomic Energy Commission 
1 Schein, Haskin, and Glasser, Phys. Rev. 95, 855 (1954) 
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Burgundy Room 


(T. W. Bonner presiding) 


Transmutation and Nuclear Energy Levels, II 


PAl. The Angular Distribution of Protons from the 
O'*(d,p)O'’ Reaction as a Function of the Bombarding 
Energy.* J. C. Grosskreutz, University of Texas.—The dis- 
tribution in angle of the protons from the O'*(d,p)O" reaction 
has been measured for incident deuteron energies of 2.4, 2.2, 
2.0, 1.78, 1.6, 1.4, and 1.1 Mev. Two groups of protons corre- 
sponding to the ground and first excited states of the residual 
nucleus O'’ were detected using a thin CsI crystal and Du 
Mont 6291 photomultiplier tube mounted inside a 23-inch 
diameter scattering chamber. A number vs energy curve was 
taken for each proton group at 14 different angles between 5 
and 160 degrees in the laboratory system. The results show 
that the stripping process takes place down to at least 1.1 Mev 
for the ground-state protons, while for the lower-energy group, 
the forward maximum has almost completely disappeared at 
that energy. Competition from compound nucleus formation 
is clearly evident, especially near resonances in the total yield 
of the reaction.'! The data join smoothly the results of Van 
Patter et al.2? who have investigated the reaction at energies 
above 2.6 Mev. 

* Supported in part by the Office of Scientific Research, Air Research and 
Development Command. 


1N. P. Heydenburg and D. R. Inglis, Phys. Rev. 73, 230 (1948) 
? Van Patter, Simmons, Stratton, and Zipoy, Phys. Rev. 96, 825 


1954) 


PA2. Deuteron Capture by O**. J. W. Butier, Naval Re- 
search Laboratory.—The cross section for radiative capture of 
the deuteron by O"* has been measured by bombarding a 0.05- 
mil NiO foil and counting the positrons from the residual F** 
nuclei. The positrons were counted with a 2-crystal coincidence 
counter actuated by the 2-annihilation quanta. The contribu- 
tion of F'* from the O'’(d,n)F"* reaction was determined by 
bombarding a similar target enriched' to 0.89 percent O'’. The 
cross section for the O'*(d,y)F™ reaction is of the order of 10 


microbarns at 1.7-Mev bombarding energy. The cross section 
for the O'"(d,n)F"* reaction at the same energy is some 3000 
times higher. 


! The enriched O" was kindly supplied by Professor A. O. C. Nier. 


PA3. Gamma Rays from Proton Bombardment of O"*.* 
Emmett L. Hupsrern, Ira L. MorGan, ann Josern T. 
PEopLes, L’niversity of Texas.—A thin target of gaseous CO; 
enriched' 14 percent in O'* has been bombarded with protons 
of energy 0.3 to 2.6 Mev. The gas was contained in a cell of 
2 cm depth, and the proton beam entered through a 0.05-mil 
Ni foil. Target thickness was estimated as 20 kev for 2.0 Mev 
protons. A 1} in. X14 in. Nal (TI) crystal detector was used 
with a 20-channel analyzer. The excitation curve for ground 
state transitions shows seven resonances, indicating levels in 
F” tentatively evaluated as 8.49, 8.76, 9.65, 9.83, 10.04, 10.15, 
10.22, 10.28, and 10.36 Mev. The first two levels are also 
known from O'*(p,a); these are the least intense of the levels 
found in the present work. The excitation curve shows a 
sudden drop at the O'*(p,n) threshold. A pulse-height anal- 
ysis has been made of gamma radiation produced at a bom- 
barding energy of 2.20 Mev. It shows transitions to known 
excited states of F¥, in addition to ground-state transitions. 

* Supported in part by the Office of Scientific Research, Air Research and 
Development Command. 


} The enriched CO; was obtained from the Temple University Research 
Institute. 


PA4. Excitation Curve for F'*(n,a)N'*.* Norman A 
Bostrom, Emmett L. Hupsreta, anp Ira L. MorGan, 
University of Texas.—The cross section for the reaction 
F(n,a)N** has been measured as a function of neutron energy 
from 3.5 to 6.2 Mev. Neutrons were obtained by bombarding 
thin deuterium gas targets with deuterons from the Uni- 
versity of Texas Van de Graaff generator. The energy spread 
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of the neutrons was approximately 25 kev at Eg=1 Mev. A 
ring of CaF; was irradiated with neutrons for a few seconds; 
the generator was then turned off and the 7.35-second activity 
of N** was followed for several half-lives. Fluctuations in the 
deuteron-beam current were corrected by use of a circuit of a 
type previously described.' Resonances for this reaction ap- 
peared at neutron energies of 4.17, 4.68, 5.04, 5.40, 5.59, 5.90, 
and 6.08 Mev. The apparent threshold for the reaction is 3.88 
Mev, which is 2.31 Mev above the calculated threshold of 
1.57 Mev. These results are consistent with a spin assignment 
of 2(—) to N**. This reaction offers possibilities for detection 
of fast neutrons in the presence of intense gamma radiation. 


* Assisted by the U.S. Atomic Energy Commission. 
1S. C. Snowdon, Phys. Rev. 78, 299 (1950). 


PAS. Some Energy Levels of Na**.* C. P. Browne ann W. 
C, Cops, M.1.7.—The Mg™(d,a)Na® reaction has been used 
to observe levels in Na™ up to 3-Mev excitation. Thin targets 
of natural magnesium metal were bombarded with deuterons 
accelerated by the MIT-ONR electrostati 
energies of 5, 6, and 7 Mev. The energies of alpha particles 
emitted at 90 degrees to the incident beam were measured with 
groups of alpha 
particles have been identified with this reaction. At 7-Mev 
all ten groups appear on the nuclear track 
plate in a single exposure. Preliminary results give a ground- 
state Q-value of 1.954 Mev and excited states at 0.59, 0.89, 
1.53, 1.94, 1.99, 2.22, 2.58, 2.98, and 3.07 Mev. The assignment 
of the group indicating a level at 2.22 Mev is somewhat less 
certain than for the other groups. At 6-Mev incident energy the 
groups leading to the ground state and first two excited states 


generator to 


the new broad-range spectrograph. Ten 


incident energy, 


have approximately equal intensity. Of course, if the isotopic 
spin-selection rule holds, T=1 Na®™ will not be 
observed with this reaction. The energy of the first state ob- 


levels in 


served here agrees with the 593-kev gamma ray previously 


observed.' In view of the observed intensities, it is unlikely 


that this level is the expected low-lying T=1 level.? 


* This work has been supported by the joint program of the Office of 
Naval Research and the U.S. Atomic Energy Commission 
G. M. Temmer and N. P. Heydenburg, Phys. Rev. 93, 351 


1S. A. Moszkowski and D. C. Peaslee, Phys. Rev. 93, 455 


1954 
1954). 


PA6. Angular Distributions and Angular Correlations in 
Mg™(d,p)Mg™.* R. M. Wiittamson anv S. A. Cox, Duke 
University.—The energy 
(2-4 Mev) of the nine longest range proton groups resulting 
from the Mg™(d,p) reaction have been obtained at selected 
angles between 15° and 135°. The proton detector was a thin 
crystal scintillator having a resolution of 2.5 percent for 8-Mev 


yields as a function of deuteron 


protons. Strong interference effects are observed in the yield 
curves, especially at the angles of the stripping peaks. The 
observed angles of the stripping peaks near 4-Mev deuteron 
energy are in agreement with other data.' The angular corre- 
lation between protons and gammas from the 3.40-Mev 
(Leutron™=1) level in Mg*® has been measured at several 
deuteron energies. The correlation predicted by stripping 
theory® is W(@)=1—0.14 cos. 
range between 0 and +0.30, the latter chamber corresponding 


The measured anisotropies 


to the most strongly peaked proton angular distributions. The 
presence of an anisotropy confirms the assigned? spin of § for 
this level. The sign of the anisotropy indicates that stripping 
theory may not be applied in this deuteron energy and target 
Z region 

Energy Com 


* This work was supported in part by the U. S. Atomik 


mission 
'P. M. Endt and J. C. Kluyver, Revs. Modern Phys. 26, 95 (1954). 
* Biedenharn, Boyer, and Charpie, Phys. Rev. 88, $17 (1952). 


PA7. Gamma-Ray Cascades in Al™. A. E. LirHerianp, 
E. B. Paut, G. A. BartHotomew, anp H. E. Gove, Chalk 


SESSION 


PA 


River Laboratories.—The decay schemes of gamma rays in 
AF* from the Mg*(p,7) reaction at the five resonances in the 
range of proton energies 0.8 to 2.1 Mev have been established 
by coincidence measurements employing two 5 in. by 4 in. 
Nal (TI) crystals and associated electronics. All the resonances 
except that at 1.49 Mev (J =7/2—) showed direct transitions 
to at least two of the lowest three states. The relative intensi- 
ties of these primaries have been measured and compared with 
predicted theoretical values for single-particle transitions and 
in one case with the mirror reaction Mg**(n,7).' In general the 
agreement is not very good. At two of the resonances cascades 
occur through levels which are themselves unstable against 
proton emision, while at the 1.49 Mev resonance (3.72 Mev 
in Al**, J=7/2—) the strongest transition is via a level at 
1.81 Mev in Al** rather than the 5/2+ ground state. 


1B. B. Kinsey and G. A. Bartholomew, Phys. Rev. 93, 1260 (1954). 


PA8. Gamma Rays from Proton Bombardment of Mg™. 
E. B. Paut, G. A. BartHoLomew, H. E. Gove, anp A. E. 
LiTHERLAND, Chalk River Laboratories.—A thin (10 kev) 
target of separated Mg™ isotope! has been bombarded by 
protons in the energy range 0.8 to 2.1 Mev using the Chalk 
River electrostatic generator. The emitted gamma-rays have 
been studied in a 5 in. diameter by 4 in. long Nal (T1) crystal 
coupled to a Dumont K-1198 photomultiplier. The five reso- 
nances found by elastic proton scattering’ in this region have 
been observed. By measuring the angular distribution of the 
ground-state proton capture gamma ray at the 1.49 Mev 
resonance, the spin of this f-wave® resonance is shown to be 
7/2. The absolute yield of gamma rays has been measured at 
some of the resonances. At the 2.01 Mev resonance the abso- 
lute yield of the 1.38 Mev gamma-ray indicates the partial 
width for inelastic scattering may be as much as 25 percent 
of the total width.* 


! Obtained from Atomic Energy Research Establishment, Harwell, 


England 

* Mooring, Koester, Goldberg, Saxon, and Kaufmann, Phys. Rev. 84, 703 
(195S1). 

+L. J. Koester, Phys. Rev. 85, 643 (1952) 


PA9. Magnetic Analysis of Protons from Al*’(d,p)Al**. 
W. W. Buecuner, A. Sperputo, aNnD Marcos Mazari.* 
M.1.T.—In a previous investigation,’ using 2-Mev deuterons, 
fifty proton groups from this reaction were measured and 
assigned to levels in Al** between the ground state and 6.31 
Mev. In the present work, using higher bombarding energies, 
a broad-range magnetic spectrograph* has been used to study 
these groups and to extend the region of excitation investi- 
gated up to neutron binding in Al**. The assignment of most 
of the observed groups to this reaction is based on the agree- 
ment of the Q-values measured in observations at 90 degrees 
with deuteron energies of 6 and 7 Mev and observations at 
35 and 10 degrees using 7-Mev deuterons. The previous work 
has been confirmed in detail, and a number of new levels 
have been established. The spectrum is complex, with at least 
100 well-resolved levels between the ground state and neutron 
binding (7.72 Mev). This work has been supported in part 
by the joint program of the Office of Naval Research and 
U. S. Atomic Energy Commission. 

* On leave from the National University of Mexico 

i Enge, Buechner, and Sperduto, Phys. Rev. 88, 963 (1952). 


1 Buechner, Browne, Enge, Mazari, and Buntschuh, Phys. Rev. 95, 609 
1954) 


PA10. The Si*(p,p’7)Si* Reaction. H. O. Conn, J. K. 
Bair, J. D. Kincron, ann H. B. Wittarp, Oak Ridge Na- 
tional Laboratory.—Work with platinum target backings indi- 
cated a strong 1.8-Mev gamma ray when bombarded with 
protons from the ORNL 5.5-Mev Van de Graaff generator. 
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It has been shown that this is due to a thin surface contamina- 
tion of silicon. The gamma rays are produced by inelastic 
scattering of protons by the first excited state of Si** at 1.78 
Mev. A 3 in. X3 in. NaI (Tl!) crystal was used to detect the 
gamma rays. Yields of this reaction have been measured at 0° 
with respect to the protons from 1.8- to 4.7-Mev bombarding 
energy. Resonances were observed at E,=3.11 Mev (T=12 
kev), 3.35 Mev (T =11 kev), 3.58 Mev (f =70 kev), 3.71 Mev 
(T =40 kev), 4.25 Mev (f' =22 kev), and 4.44 Mev (T2100 
kev, this may be a superposition of two broad levels). Excita- 
tion energies in the compound nucleus P® are 5.73, 5.96, 6.18, 
6.31, 6.82, and 7.01 Mev, respectively. 


PA11. Gamma-Ray Resonances in the Reaction Si*- 
(p,y)P*.* S. Micant, Jonn N. Cooper, anv J. C. Harris, 
Ohio State University.—Both thick and thin targets of electro- 
magnetically separated! silicon-29 have been bombarded with 
protons of energies between 300 and 1000 kev. In addition to 
the gamma-ray resonances reported by Endt, Kluyver, and 
Van der Leun,? prominent resonances were observed at proton 
energies of approximately 696, 727, 917, and 956 kev. Pre- 
liminary data reveal several other resonances at energies 
between 1000 and 1200 kev. Measurements by scintillation 
spectrometer of the gamma-ray energies from the 414-key 
resonance show the decay is predominantly by a cascade with 
gamma rays of 5.9 and 0.7 Mev as reported by Kluyver et al 
At the 696-kev resonance the gamma-ray energies suggest 
decay through the 0.7- and 2.0-Mey levels* with relatively 
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weak transitions to the level at 1.4 Mev. At the 727-kev 
resonance strong decay through the 1.4-Mev level is indicated 

* Supported in part by the U. S. Atomic Energy Commission through a 
contract with the O. S. U. Research Foundation 

' Supplied by Oak Ridge National Laboratory. 

* Endt, Kluyver, and Van der Leun, Phys. Rev. 95, 580 (1954). 

* Mandeville, Swann, Chatterjee, and Van Patter, Phys. Rev. 85, 193 
(1952). 


PA12. Gamma Rays from Proton Bombardment of Phos- 
phorus.* B. D. KERN anp L. W. Cocuran, University of 
Kentucky.—The spectrum of the gamma rays from the proton 
bombardment of a thick phosphorus target has been obtained 
at several proton energies using a 14 inches in diameter X 1 inch 
in length Nal(Tl) crystal in a scintillation spectrometer. 
Gamma rays whose energies vary with the proton energy are 
identified at 12.0, 9.7, 7.0, and 7.5 (+0.2) Mev, at E,=1.3 
Mev (Q=10.7 Mev). Gamma rays whose energies do not 
vary with the proton energy are seen at 2.3 and 1.6 (+0.1) 
Mev, poorly resolved; the 1.6-Mev gamma ray is tentatively 
identified as arising from the P™ (p,ay)Si** reaction. The spec- 
trum of only those gamma rays of lower energy which are in 
coincidence with higher-energy gamma rays has been obtained 
and shows considerably better resolution. In it, gamma rays 
are identified at 0.5 (annihilation radiation), 2.25, 2.56, and 
4.40 (+0.05) Mev. Levels in S® are indicated at 2.25, 4.40, 
and 4.81 Mev, in reasonable agreement with earlier reports." * 


* This work was supported in part by the U. S. Atomic Energy Com 


mission 
'R. H. Dicke and J. Marshall, Jr., Phys. Rev. 63, 86 (1943) 
1S. C. Snowdon, Phys. Rev. 87, 1022 (1952). 


FRIDAY AFTERNOON AT 2:00 


Continental Room 


(J. E. 


MAYER presiding) 


Division of Chemical Physics 


Symposium on Nonequilibrium Processes 


Q1. Statistical Mechanics of Irreversible Processes. ILya Pricocine, Harvard University and Free 


University of Brussels. (30 min.) 


Q2. Fluctuations and Irreversibility. HersertT CALLEN, University of Pennsylvania, (30 min.) 


Business Meeting of the Division of Chemical Physics 


Q3. Theory of Sound Dispersion in Dilute Gases. Mark Kac, Cornell University, (30 min.) 





FripDAY AFTERNOON AT 2:00 


Exhibit Hall II 


(E. P. WIGNER presiding) 


Post-Deadline Papers, If Any 











646 


SESSION R 


FRIDAY AFTERNOON AT 2:00 


NBS, East Building 


(L. Marton presiding) 


Electron Physics 


R1. An Ultra-High Vacuum Valve.* D. G. Bits anp F. G. 
ALLEN, Harvard University.—An all-metal vacuum valve with 
leakage conductance of 10°-" I/sec has been 
Alpert " We have found using an Al- 
pert-type seal that reproductble conductances of 10~" 1/sec 
are difficult to obtain, the usual minimum value for a typical 
about 10°” |/sec. By confining the 
the seal we have produced simplified and en- 


a mir 
described by 


imum 
however 


valve beir reg Yi omplete ly 
softer metal in 


tinuously 


larged valves with conductances which are co 
variable from 1 1/sec to less than 10- 1/sec. Presumably the 
conductance may be made as small as desired. All of the 
advantages of Alpert's design have been retained in the new 
design 

* Supported in par the Office of Naval Research, the Signal Corps of 
the U.S. Arn the U. S. Air Force. a Air Force Cambridge Research 
Cente 


24, 860 (1953 


R2. Ambipolar Diffusion in a Magnetic Field. ALBERT 


Simon, Oak Ridge National Laboratory.—Diffusion of ions in 
ar are plasma across a magnetic field is shown to be not 
ambipolar in character in most experiments. Owing to the 
highly anisotropic luctivity of the medium, the ffuse 
across the field at their own intrinsic rate. Space-charge neu- 
tralizati maintained by sl ght adiustment of the rrents 

the direction of the magnetic field lines. Pre exper 
ments by Bohm, Burhop, Massey, and Williams' on calutro: 
arcs had indicated a discrepancy of greater than 10° betwee 
the experimental diffusion coefficient and the oett 
calculated by the isual amb polar theor' I} discrepancy 

yw resolved and no additional mechanisms plasma 
oscillations, need be post lated Both in intuitive and formal 
proof of the effect will be presente 

1A. Guthrie ar R. K. Wakerling, The Characteristi fF rical Di 
harges in Magnetic Field McGraw-Hill Book Compa Inc., New York 


1949), NNES 1-5, Chapter 9 


R3. A Possible Explanation of Moving Striations in Dis- 
charge Tube. Satosi WATANABE AND NorMAN Oteson, U. S 


Vat Postgraduate School It is theoretically shown that 
there an « t the positive column a traveling wave of 
de ties and electric field along the axis, superimposed on the 
average drift rrent and the well-known uniform ambipolar 
hiff the radial directio The wavelet gth of this 
type of oscilla $ is giver the lowest approximation by 
\ et R/p)il Ee/kT)* | and its propagation velocity is 
if the order of magnitude of the sound velocity of the neutral 
gas the tube; R —tube radius, 4 = 2.4, a <electronic Debye- 
Hiickel radius, E=electric field, &=Boltzmann constant, 
T electron temperature, and ¢e=electronic charge 


R4. Cyclotron Resonance of Free Electrons in a Nitrogen 
Afterglow. R. V. Jones, W. Dosroworsky, W. B. KunKe, 
anp C. LD. Jerrries * Calif Berkeley 


wy aitfornta, 
Nitrogen gas few.mm trace of 


[ maver 


ita pressure cor iif ga 


into a TI mode 





xygen is pumped through a discharge 

cavity, which is the sensitive element of a paramagnetic reso 
nance absorption spectrometer operating at 8600 mc/s. We 
*bserve simultaneously the paramagnetic resonance of atomic 





V in the ground state' and the cyclotron resonance of free 
] net odiuced } he V P ’ n f we nif veY 
electrons produced by the seli-ronization of active troge 
This provides a means of comparing the relative abundances 


of atoms and electrons, which should be useful for afterglow 


studies. Also the method is quite sensitive to electrons, densi- 
ties down to 10? electrons/cc being detectable. The resonance 
line width is directly related to the mean collision time of the 
electrons in the gas, and varies from a few gauss at low pres- 
sures up to about 10° gauss at higher pressures and microwave 
powers. These results are in reasonable agreement with theory. 
We have not observed the paramagnetic resonance of atomic 
N metastable states. This research has been supported in 
part by the Research Corporation and the U. S. Atomic 
Energy Commission 


Rev. 96, 645 (1954). 


1952) 


Beringer, Phys 


Phys. 23, 757 


M.A 


! Heald and R 
25. W 


Benson, J. Apt 


RS. (Abstract withdrawn.) 


R6. The Measurement of the Coefficient of Secondary 
Electron Emission with a Resonant Cavity. R. K. SmirHer, 
Yale University.—Under certain conditions a secondary elec- 
ron-resonant discharge process occurs in the electrical field 
regions of a resonant cavity. If a dc field is added to the rf 
field in the discharge region a net flow of current is observed 
which can be related to the coefficient of secondary electron 
emission (6). When the proper dc field is applied, the square 
of the coefficient of secondary emission is given by 

§=i4 2T a0 
t supplied by the de bias and J, is the 
Since 
the measured quantities appear only in the difference between 
the square of the coefficient of secondary emission and one, it 
the coefficient 


where / 4. is the currer 
current in the secondary electron resonance discharge 


is possible to obtain good accuracy even when 


is approximate ly « 


ne 


R7. Measurement of Low-Energy Electron Absorption 
in Metals and Insulators. E. J. SreRNGLass AND M. M. 
WacnTeL, Westinghouse Research Laboratories.—A direct 
method for studying the absorption of slow electrons in solids 
developed. Slow secondary electrons (~0-10 ev) are 
formly throughout deposits of 25, 50, and 100 A 


gener ated unifo 


has beer 
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+10 percent of Au and 1150, 2600, and 5200 A +10 percent 
of KCI supported on a 120 A film of SiO, using 2-20 kev pene- 
trating electrons. The ratio of the low-energy vields A meas- 
ured at 14-20 kev on the exit side of layers of different thick- 
nesses d gives the diffusion-length L of the slow electrons 
according to 


4:1 —exp(—d;/L) 
A: 1—exp(—d,/Ly 


Taking ratios of yields minimizes possible surface effects. 
Simultaneous measurements of the transmitted primaries 
serve as check on thickness determinations and absence of 
pin-holes. For Au, the yield increases little with thickness, the 
ratio being <1.23+0.04 for the two thinnest layers. This 
leads to L <18A, indicating that electrons capable of in- 
elastic collisions can diffuse only a few atomic layers. In sharp 
contrast, the corresponding ratio for KCl is 1.71+0.06, making 
L =2300+600 A and demonstrating long diffusion paths of 
slow electrons able to make only elastic collisions. 


R8. Surface Recombination of Cadmium Sulfide. S. H. 
LIEBSON AND E. J. West, United States Naval Research Labora- 
tory.—Increased surface recombination of photoconductive 
cadmium sulfide has been reported by Bube' for crystals 
in a humid atmosphere. Liebson? has observed a decrease in 
the red luminescence of cadmium sulfide in an atmosphere 
containing electronegative gases. We have measured this de- 
crease in luminescence as a function of oxygen pressure from 
about 2 X10~* to approximately 500 mm Hg for crystals which 
were photoconductive and high impedance as well as those 
which were low impedance at room temperature. The results 
indicate a linear variation of the logarithm of the lumines- 
cence vs the pressure. Several interpretations are discussed 
based on the formation of an electric field at the surface due 
to electrons on chemisorbed oxygen. 


!R. H. Bube, J. Chem. Phys. 21, 1409 (1953). 
2S. H. Liebson, J. Electrochem. Soc. 101, 359 (1954). 


R9. Cross Sections for the Characteristic Energy Loss of 
Electrons. Lewis B. Leper anp L. Marton, National Bureau 
of Standards.—Previous measurements! of the characteristic 
energy losses of electrons in solids have been made primarily 
using photographic detection. We have now improved our 
apparatus so that we can measure absolute intensity relation- 
ships using a calibrated photomultiplier detector. The detector 
system consists of a phosphor coated glass window over a 
-1P21 photomultiplier. The multiplier signal is fed to a loga- 
rithmic amplifier the output of which is recorded on a Speedo- 
max. The recorded signal is calibrated with a Faraday cage and 
quartz fiber electrometer. From these measurements we can 
determine the ratio of the elastic scattering to the character- 
istic scattering peak intensities as well as the differential cross 
sections for these events. The rectangular detector slit defines 
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an acceptance angle of 10~* radian in one direction and 10™¢ 
radian at right angles. Thus the differential cross sections 
measured are given for a solid angle of (10°)? or 10~* steradian. 
At a primary energy of 30 kev the ratio elastic/characteristic 
for 400-A gold is 3.4 and for 100-A carbon is 7.4. The variation 
of these ratios and of the differential cross sections with thick- 
ness and primary energy will be given. 

?L. Marton and L. B. Leder, Phys. Rev. 94, 203 (1954) (earlier references 
are given here). 


R10. Angular Dependence of the Characteristic Energy 
Loss of Electrons Passing Through Metal Foils.* R. A. 
FERRELL, University of Maryland.--From the Bohm-Pines' 
electron plasma theory of metals, an electron of energy, E, 
upon passing through a metal foil of thickness ¢, excites a 
plasma oscillation of quantum energy AE and scatterers into 
the solid angle dQ, with probability td1/A\=—t/2rao-0¢/0,* 
+ -dQ, where 6g = AE/2E @ =angle of scattering < pe/(2mE)!, 
pe =cut-off momentum, and a)= Bohr radius. Although other 
mechanisms, such as atomic excitation, in general compete 
with plasma oscillations in producing characteristic energy 
losses, the angular dependence should identify the mechanism 
in any given case. For example, recent experimental measure- 
ments? of the angular distribution of 20-kev electrons scattered 
by 100 A gold foils show a peaking of the 24-ev loss at small 
angles (<10~* radian), in qualitative agreement with the ex- 
pressions for d1/A, but not easily interpretible in terms of 
atomic excitation, (which would give a broader angular de- 
pendence). Improvements in d1/, to allow for elastic scattering 
by the lattice will be discussed. 

* Research supported by the Office of Naval Research 

1D. Bohm and D. Pines, Phys. Rev. 92, 609 (1953) and D. Pines, Phys 
Rev, 92, 626 (1953). 


2 Marton, Simpson, McGraw, Mendlowitz, Mendlowitz, and Marton, 
Bull. Am. Phys. Soc. 30, No. 1, 29 (1955), abstracts LA2 and LAI. 


Ril. Mean Free Path for Discrete Electron Energy Losses 
in Metallic Foils. R. D. Birkuorr, A. W. BLAcKsTocK,* AND 
R. H. Ritcure, Oak Ridge National Laboratory.—The discrete 
energy losses observed when a beam of electrons passes through 
a thin foil have been studied as a function of incident energy. 
Foils of Al, Mg, and Cu ranging in thickness from 14 to 85 
ug/cm* have been bombarded with electrons of energies 25 to 
115 kev. Losses appear at multiples of 14.9 ev and 10.7 ev, 
respectively, for Al and Mg whereas only one loss is found in 
Cu at 22.6 ev. Mean free paths for the losses lie in the range 
25+10 wg/cm*, 165+55 wg/cm*, and 90430 ug/cm?* for the 
three metals. The magnitudes of the losses agree with the 
plasma oscillation theory of Pines and Bohm for Al and Mg 
if the number of free electrons per atom is chosen about equal 
to the valence. In addition the mean free path as a function of 
energy for Al agrees closely with the theoretical curve. 


* Oak Ridge Institute of Nuclear Studies Fellow from North Carolina 
State College. 





Fripay AFTERNOON AT 2:00 


Caribar Room 


(L. I. Scuirr presiding) 


Theoretical Physics III, Mainly Nuclear Theory 


RAI. On the Imaginary Part of the Potential in the Optical 
Model of the Nucleus. A. M. Lane anp C. F. WANDEL, 
M.I.T. (introduced by V. F. Weisskopf).—The dependence of 
the imaginary part of the ‘‘Weisskopf"’ potential on the neu- 
tron bombarding energy is calculated by an extension of the 





semiclassical method of Goldberger.’ The nucleus is described 
by the statistical model. Using the nucleon-nucleon experi- 
mental cross section, and taking the Pauli exclusion principle 
into account, we calculate an effective total cross section in 
nuclear matter. The Pauli principle is assumed to forbid colli- 
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sions which do not bring both particles outside the Fermi 
momentum sphere in momentum space. Assuming an analytic 
expression (1/E law) for the nucleon-nucleon cross section, 
the integrations over the Fermi distribution can be carried 
out in closed form. Given the effective cross section, a mean- 
free path and an imaginary potential can be computed. Despite 
the crude model used, a good fit with experimentally deter- 
mined imaginary potentials is obtained. In the range from 0 
to 100 Mev bombarding energies | V;,! increases from 2 to 
11 Mev. This, we believe, confirms the importance of the Pauli 
principle in explaining the long mean free path inside nuclear 
matter at low energies.” 
'M. L. Goldberger, Phys. Rev 
1V. PF. Weisskopl, Science 113, 101 


74, 1269 
1951 


1948 


RA2. Nuclear Oscillator Potential. D. C. Peaster, Purdue 
Unwersity.—Some consequences are considered of constructi 
an effective harmonic oscillator well to fit the single-particle 





interpretation’ of the photonuclear ‘‘giant resonances.’’ Con- 
sistency with 0-4-Mev neutron scattering on the optical model 
with re~1.210 
the nucleus of order M*~4M. The depth of the corresponding 
well approaches 200 Mev 


* cm implies an effective nucleon mass in 
effective parabolic Under these 
conditions, the Thomas sufficient to 
account for the spin-orbit splitting in the shell model, which 


(relativistic) term is 
then has no direct relation to polarization effects in high-energy 
The value gz ° 
the velocity-dependent forces responsible for M* involve only 
for which 


scattering 1 for protons in nuc lei indicates that 


the radial momentum component, a plausibility 
argument can be given 
'D. H. Wilkinson, Bull. Am. Phys. Soc. 30 (1), 25 (1955), paper IA4. 
RA3. Collective Modes in Nuclei. F. Coesrer, State Uni- 
versity of lowa.—The Hamiltonian of the ‘ 
Bohr'~* and Mottelson? has been derived from many 
quantum mechanics. A point transformation in the configura- 


tion space of the NV nuc leons of the core introduces 6 collective 


unified model” of 
particle 


coordinates describing the size and shape of the nucleus and 
3N-6 internal coordinates. It is assumed that the wave func- 
tion W of the nucleus for the ground-state and the low-lying 
excited states can be approximated by the product Vo# where 
¥» depends only on the internal coordinates of the core and 
® depends on the collective coordinates of the core and the 
coordinates of the external nucleons. Vo is treated as a trial 
function in the Schrédinger variational principle. For fixed 
¥, this yields a Schrédinger equation for @. The Hamiltonian 
in this equation is the Hamiltonian of Bohr and Mottelson 
influences the values of the 
constant parameters occurring in this Hamiltonian, but not its 


plus certain correction terms. ¥ 


structure 


‘A. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 26, No. 14 
1952 

*A. Bohr and B. R. Mottelson, Kg. Danske Viderskab. Selskab, Mat 
fys. Medd. 27, No. 16 (1953 


*A. Bohr, thesis, Copenhagen (1954 


RA4. The Variational Approach to Collective Nuclear Be- 
haviour. James |. Grirrin, Princeton University.—A “‘tem- 
porary potential” is assumed, the shape of which depends 


upon one or deformation coordinates. The wave equa- 


tion is solved for a fixed value of the deformation 


more 
The wave 
function is multiplied by an arbitrary function of deformation 
and integrated over detormation. The resultant pure n-particle 
wave function is used to evaluate the expectation v ilue of the 
energy of the system. The integrations over particle coordi- 
nates are performed explicitly. The resultant energy is a func- 
tion of the undetermined deformation weighting function. The 
condition of determines a wave equation 
(integral equation) for this ‘‘collective wave function.""' The 


kernels in the collective wave equation have been evaluated in 


minimum energy 


speciai instances of a single deformation coordinate, and will 


be discussed. Their form suggests comparison with a simplified 
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problem where the kernel is the product of a quadratic func- 
tion with a Gauss function. This comparison allows one to 
estimate a decrease of the order of ~2 Mev in the ground-state 
energy as a result of allowing a fluctuation in deformation 
(collective vibration) as compared with the conventional 
treatment with fixed deformation and fixed potential. 


! David L. Hill and John A. Wheeler, Phys. Rev. 89, 1102 (1953). 

RAS. Coupling of 2s; and 1d, Orbitals. P. GoLpHAMMER 
AND E. FEENBERG, Washington University.*—Coupling be- 
tween 23; and 1d, nucleon orbitals through the mediation of 
surface waves has been investigated in the mass range 29 to 37. 
A single nucleon description appropriate for 14Si:s; and 1sP 14, 
and a three nucleon description with T= appropriate for 
1sSi:r and yrClye (3 proton holes) have been treated by the 
intermediate coupling procedure considering only states with 
0, 1, and 2 surfoms. (2s5)?(1d,)', (2sy)' (1d4)*, and (1d4)* con- 
figurations are coupled in the three nucleon systems. M1 
transition matrix elements between J = }* and J = }* are small, 
but not ‘‘l-forbidden”’ as they are for pure 1dy-+2s, transitions. 
The “l-forbidden"”’ 4*-+§* G.T. matrix element in the decay 
isPi¢1sSiss has the value 0.026 (experimental value 0.040). t 
The correction to the 4; Schmidt moment in ,,Si,s is about one 
half the experimental deviation; while the correction to the 
uy Schmidt moment for :7Clzo is 0.788, compared to 0.552 ob- 
served. Quadrupole moments appear too large by a factor of 
three. Similar calculations for three nucleon systems with 
T =} yield results applicable to :;Pis and isAis 

* Assisted in part by the joint program of the Office of Naval Research 


and the U. S. Atomic Energy Commission. 
t Roderick, Lénsjé, and Meyerhof, Phys. Rev. 97, 97 (1955). 


RA6. Intermediate Coupling in the 1p Shell. Dieter 
Kuratu, Argonne National Laboratory.—Since neither the LS 
or the jj limit of the independent particle model provides a 
satisfactory picture for nuclei in the region between He‘ and 
0", it is of interest to see whether spin-orbit coupling of inter- 
mediate strength can explain the observation. A calculation 
has been made including all possible configurations within the 
1p shell using the Argonne electronic digital computer 
(AVIDAC). The strength of spin-orbit coupling is taken 
from O'4, N'5 where the 1py—1), splitting is about 6.3 Mev. 
The two-body interaction used is the central force mixture of 
0.8 Majorana and 0.2 Bartlett with an inverted Gaussian 
spatial dependence. Energy levels, magnetic moments, and 
quadrupole moments will be presented. 


RA7. Particle States in a Spheroidal Potential.* Sreven 
A. Moszxowski, University of California.—To study the 
effect of deviations from sphericity on nuclear energy levels 
and wave functions, some spheroidal potentials have been 
considered, especially that of a spheroidal box (axes D~+Ro, 
D-*Ro, DR»). For this case, define x’ = Dtx, y’ = Dty, 2’ = D="'z. 
In the primed coordinate system, the difference between this 
spheroidal box and a spherical one with the same Ro, wave 
functions ¥, (r) and energies E; is a change in the kinetic energy, 
for which matrix elements, taken between zero order states 
¥i(r’) are easily computed. The resulting secular equation 
reads: (E — E,’)¥i(t’) = LaHiada(r’) where 3E,’ = (2D+D~)E,. 
3Hy™—2(D—D*)| P:(6)\ EF: if t and & are in the same 
major shell and is small otherwise. This method was used to 
calculate energy levels of a spheroidal box, both without and 
with an additional spin-orbit term of essentially the form 
ko-l. For more general spheroidal potentials V(r’) which 
increase monotonically with r’ and which are reasonably flat 
for small r’, the above results still hold approximately with the 
following modifications: In ¥;(r’), Ex’ and Hix, D is replaced 
by D’, where f is the ratio of kinetic energy to total energy, 
measured from the bottom of the well 
the Office 


* Work partially supported by f Naval Research and the 


Office of Ordnance Research. 














SESSION RA 


RA8. Nuclear Forces and the Beta Decay of C™.* WiLL1am 
M. VISSCHER AND RICHARD A. FERRELL, University of Mary- 
land.—The long C** lifetime, apparently in contradiction with 
beta-decay theory (allowed Gamow-Teller transition), and 
with the experimentally observed allowed spectrum,' can be 
accounted for by a sufficiently large admixture of tensor force, 
as has been shown by Talmi and Jancovici.? We find that there 
is a wide range of values of the nuclear force parameters for 
which the beta-decay matrix element, calculated using har- 
monic oscillator p-state wave functions and Gaussian poten- 
tials, is arbitrarily small. Parameters chosen to vary were 
tensor force strength and range, and spin-orbit strength. The 
results, fairly insensitive to tensor force range, require that the 
tensor strength be roughly proportional to the spin-orbit 
strength. Large or small values for both are permitted. The 
spin-orbit strength indicated by experiment corresponds to a 
tensor force strong enough to cause a considerable mixing of 
d-configuration, whose effect on the beta lifetime may be 
calculated, leading to a corrected relation between the force 
parameters. 


* Supported by the Office of Naval Research. 
1A. Moljk and S. C, Curran, Phys. Rev. 96, 395 (1954). 
2B. Jancovici and I. Talmi, Phys. Rev. 95, 289 (1954). 


RA9. Interaction Contribution to Nuclear Isomerism. A. 
ROTENBERG AND L. Sprucu, New York University.—It has 
been observed! that certain magnetic dipole transitions offer 
the possibility of distinguishing between the effects of inter- 
action moment operators and of impure wave functions, but 
at that time’ only a few estimates of transition lifetimes were 
available. Many accurate measurements have since been made 
of the lifetimes of so-called forbidden magnetic dipole transi- 
tions and also of a few lifetimes which seem to be forbidden 
magnetic octupole transitions. Transition probabilities were 
calculated using the shell model and interaction moment opera- 
tors. In the dipole case, the operators considered were the three 
used in a phenomenological analysis of magnetic moment 
data,? only one of which gives a nonvanishing contribution. 
In the octupole case, the operator was obtained by an exten- 
sion of a calculation performed by Villars and Weisskopf.’ 
The calculations indicate that it is possible to explain most of 
the data on the Mayer model, which is a desirable feature for 
those transitions not readily explainable on a Bohr-Mottelson 
model. 

1M. Ross, Phys. Rev. 88, 935 (1952). 


2A. Russek and L. Spruch, Phys. Rev. 87, 1111 (1952). 
+ F. Villars and V. F. Weisskopf (unpublished). 


RA10. Theoretical Results on Orbital Capture. H. Brysk 
AND M. E. Rose, Oak Ridge National Laboratory.—A detailed 
survey of the theory of orbital capture has been carried out. 
Transition probabilities for the K-shell and all three L-sub- 
shells have been examined for all orders of forbiddenness 
through second-forbidden, using wave functions corrected for 
the finite size of the nucleus and the effect of screening, and 
considering the variation in the wave functions over the nu- 
clear volume (Oak Ridge National Laboratory 1830). Some 
of the conclusions that can be drawn are: The L;/K branching 
ratio agrees with Rose and Jackson's values, and is inde- 
pendent of the order of forbiddenness provided that the 
neutrino energy is large compared to the difference in binding 
energy between the two shells. The effect on the L;/K capture 
ratio of nonadiabatic electron transitions is unimportant. The 
p-electron contribution to orbital capture becomes dominant 
for low-energy transitions involving an angular momentum 
change of two or more. Angular correlations exist among the 
electromagnetic radiations associated with orbital capture 
(inner bremsstrahlung photon, atomic x-ray, gamma ray from 
an excited daughter nucleus) (Oak Ridge National Laboratory 
1862). In most cases of interest, however, there is isotropy. 
In fact, the conditions required for the observation of anisot- 
ropy are at present experimentally unattainable. 
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RA11. Nuclear Charge Distribution in Pb™*.* Davin L. 
HILt anD Burton E. Freeman, Los Alamos Scientific Labora- 
tory, AND KENNETH W. Forp, Indiana University.—The 
cross section according to the exact Dirac-Darwin-Mott theory 
for the elastic scattering of fast’electrons from various con- 
ceivable spherically symmetric nuclear charge distributions 
has been evaluated accurately and compared with recent 
Stanford data taken at 83, 153, and 186 Mev with a Pb™* 
target. We find that the data can be fit within the limits set 
by experimental uncertainties, and that the same charge dis- 
tribution gives the best fit at each energy. This charge distribu- 
tion has a radial dependence given by 1 —} exp[ —"(1—x) ] for 
x=(r/R) <1 and given by } exp[—n(x—1)] for x >1, with 
n=10, and R=6.7X10-" cm. Appreciable peaking of the 
charge distribution either at the center or surface of the nucleus 
evidently does not exist. The value of R here found agrees 
within 1 or 2 percent with the value earlier determined' by an 
analysis of mu-mesonic x-ray data. Radiative corrections 
omitted in this analysis of electron scattering probably are 
unimportant in determining the charge distribution, and cor- 
rections for inelastic scattering are negligible in Pb™®*. The 
analysis indicates a high degree of determination for the nu- 
clear charge distribution as the experimental data becomes 
more complete. 

* Work done under the auspices of the U. S. Atomic Energy Com- 


mission. 
1D. L. Hill and K. W. Ford, Phys. Rev. 94, 1617 (1954). 


RA12. Validity of Deformation-Potential Theory in N-Type 
Ge. R. RosensperGc* anp M. Lax, Syracuse University.—The 
Bardeen-Shockley deformation-potential theory, based on a 
model of spherical energy surfaces about the origin of the 
Brillouin zone, predicts electron scattering only by the long- 
wavelength longitudinal acoustic modes of lattice vibration. 
In N-type Ge, however, the multi-ellipsoid model of energy 
surfaces applies, and the electron is scattered by all three 
acoustic branches and by the three optical branches of the 
vibrational spectrum. Moreover, the electron can make “‘intra- 
ellipsoid” and “‘inter-ellipsoid” transitions. The present anal- 
ysis of electron-lattice scattering employs an interaction 
Hamiltonian which is a linear form in the displacements of the 
lattice particles from their equilibrium positions. The proper- 
ties of the coefficients of the particle displacements are de- 
termined from the symmetry group of the crystal. Seven 
matrix elements of the linear form (one of which is 2,, the 
constant appearing in deformation-potential theory) are re- 
quired to specify electron-lattice scattering processes in N-type 
Ge, on the assumption that the energy minima occur near the 
boundary of the Brillouin zone. Symmetry arguments are used 
to reduce this number. N-type Si is also discussed. 


* This work was supported in part by the Office of Naval Research, and 
constitutes part of a Ph.D. thesis in preparation at Syracuse University. 


RA13. Dynamics of the Klein Particle. Davip FINKELSTEIN, 
Stevens Institute of Technology and New York University.—A 
notion of a covariant rigid localized system has been defined.’ 
It has been shown that all such can be obtained by imposing 
covariant constraints upon a particular covariant system of 
six degrees of freedom which is due to F. Klein.* The previous 
discussion was limited to the kinematics of these systems. 
Now the classical and quantum dynamics will be treated. Two 
choices of action integral will be presented. The first action is 
chosen with an eye to obtaining a Dirac-like particle as one 
of the spin states of the Klein particle, and is linear in the 
velocity. The second action is mathematically more natural, 
being merely the arc length on the configuration space, but 
this leads to a nonlocal wave equation for the quantized par- 
ticle. For the present purposes, the canonical quantization 
procedure is adequate. 

1D. Finkelstein, Bull. Am. Phys. Soc. 30, No. 1, 36 (1955), abstract OAS. 


*F. Klein, The Mathematical Theory of the Top (Princeton University 
Press, Princeton, New Jersey, 1896). 
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RAI4. Elementary Particle Models. T. F. Morris, McGill 
University.—Theories of elementary particles are investigated, 
which are characterized by the existence of an incompatibility 
between mass and space-time position measurements. Several 
mass operators with positive definite spectra have been ob- 
tained. In momentum space the wave function is easily de- 
composed into components which transform according to 
various representations of the inhomogeneous Lorentz group 
Hence the quantization of the theory is straightforward. Al- 
similar to 


those used by Yukawa, is necessary, the interpretation remains 


though the introduction of subsidiary variables, 


within the scope of local fields. Several types of interaction are 
considered 


RAIS. Certain Matters Pertaining to the Internal Structure 
of Nucleons.* W. F. G. Swann, Bartol Research Foundation.— 
In 1948, the writer! criticized the statement that the 


relation for 


mass- 


energy rest mass is contained in the restricted 


RA AND S 


theory of relativity. It was shown that the statement could be 
validated by regarding each nucleon as composed of a very 
large number of subparticles of negligible rest mass, moving 
with velocities very nearly equal to the velocity of light. In 
the present paper, the foregoing idea is crystalized into more 
concrete form by assuming that the motions of the subparticles 
are axially symmetrical within a nucleon. The discussion then 
pertains to the elements involved and the mathematical possi- 
bilities open in providing for the spin characteristics of the 
various nucleons. Finally, insofar as the macroscopic concept 
of a potential energy V for the forces between nucleons turns 
out to be LZ; Moic*, where Mo; is the rest mass of the ith nu- 
cleon in the configuration to which V applies, a discussion is 
made of the possibilities as regards ultimate forces, between 
the subparticles, necessary to provide for the correlation be- 
tween V and 2; Moc? consistent with experience. 

ad Assisted in part by the joint program of the Office of Naval Research 


and the U. S. Atomic Energy Commission. 
Rev. 74, 202 (1948). 
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Sl. Electromagnetic Production of yw Mesons.* G. E 


Mase, A. J]. Lazarus, anp W. K. H. Panorsxy, Stanford 

University.—We have made measurements on the vield of 

negative ~ mesons emitted from a }4-radiation-length copper 
i] 


target at 10° and 30° to an incident 550-Mev electron beam 
rt 





The angle of emission and the moment of the mesons are 
selected by a magnet system Various absorbers give a maxi- 
mum rejection of u~ from #™ decay in flight and the u~'s from 


electromagnetic production are stopped above a triple-coinci- 
The decay 


the telesc ope thro igh del aved electr nic gates if 1t is assumed, 


dence counter teles« ope electrons are counted with 


and it has been verified, that the r pr duction is substantially 
isotropic, then any large difference from isotropy between 10 
and 30° is attributed to w-pair production 


The purely electro- 


magnetic (including nuclear-size effect) cross sections for a 


single member of the uw pair have been calculated at 10° and 30° 
be @e/dQdT,=2.1 X10" cm? 


by Rawitscher' to (sterad 


x Mev Xequivalent quanta) at 10°, and 550-Mev brems- 
strahlung and 225-Mev meson kinetic energy. (For 30° the 
cross section is 1/50 of this.) Our results show that the 


experimental cross section is not larger than and might be 


compatible with this number 


* Supported by the Office of Naval Research and the U. S. Atomic Energy 


Commission 


1G. Rawitecher, Bull. Am. Phys. Soc. 20, No. 8, 24 (1954), abstract O6 


S2. w—e Decay Spectrum.* R. H. Hetm, K. M. Crowe, 
AND G. W. Tautrest, Stanford University 
analysis of an experiment on the yw-e decay spectrum has 


Che preliminary 


yielded data which seem to be relatively simple to interpret. 
Delayed positrons from the r*-+y*-+8* decay in a Li or C 
target in the 500-Mev bremsstrahlung beam are magnetically 
analyzed by a 180° point-focusing spectrometer and counted 
by a thin-crystal telescope. The maximum positron energy 
occurs at a field of 4500 gauss. The net resolution is observed to 
be 4-10 percent full width at half-maximum, depending on the 
size of targets and detectors, and arising mainly from energy 
loss of positrons leaving the target. The spectrum obtained is 
being analyzed in terms of the p parameter introduced by 
Michel.' The best value of p is 0.55+0.10. The stated error is 
divided among: our statistics, the resolution (which is cur- 
recomputed), and systematic uncertainties (back- 


rently being 
This value is in agreement with a number of 
other measurements of roughly 


ground, et 
the same accuracy, but is 
inconsistent with the extremely accurate values reported by 
Sagane et al.? 

* Supported by the Office of Naval Research and the U. S. Atomic Energy 
Commiussion. 


'L. Michel, Proc. Phys. Soc. (London) A63, 514 
* Sagane, Dudziak, and Vedder, Phys. Rev. 95, 863 


1950). 
1954). 
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S3. Mesonic Decay of an Ejected Triton. HERMAN YAGODA, 
National Institutes of Health—A heavy fragment is ejected 
from a star of type 21+5p which decays at rest into three 
charged particles. Gap counts indicate that the excited frag- 
ment is singly charged and heavier than a proton. The mass of 
the particle, as estimated by constant sagitta scattering along 
its range of 1330 microns, is 2.93+1.36 proton masses. All 
three secondary particles terminate their range, and one of 
them can be identified as a negative pi meson of 26.6+0.9 Mev 
kinetic energy. Two short recoil tracks, if assumed to be 
protons, have kinetic energies of 1.43+0.04 and 2.31+0.15 
Mev, respectively. Momenta balances applied to several decay 
schemes suggest that the event probably represents H**-+H! 
+H! +n°+x-+Q=31.541 Mev. The binding energy of the 
excited triton, 5.4+1 Mev, is found to be less than that of the 
normal triton (8.48 Mev). The time of flight of the particle is 
4.2X10~" sec. The event was recorded in a G-5 emulsion, 1500 
microns thick, exposed to cosmic radiation in the stratosphere. 
This example of the mesonic-decay of a ‘ V-triton”’ is in close 
agreement with theory.! 

'W. Cheston and H. Primakoff, Phys. Rev. 92, 1541 (1953). 


S4. Cross Section for p+p—-x*+p+n.* D. SrorK anp S. 
Wuetstone, University of California, Berkeley.—The 0° cross 
section for p+p—>x*+p-+n (1) has been measured as a func- 
tion of pion energy for protons of energy 338 Mev. The pions 
were detected in flight by means of scintillation-counter 
pulse-height techniques. A combination of quadrupole and 
wedge magnetic focusing provided a pion energy resolution of 
+0.7 Mev. With a spread of proton beam energy of +1.2 Mev 
the pion energy continuum of reaction (1) was separated from 
the peak caused by the reaction p+ p—>r* +d (2). The ratio of 
the total cross sections (do /dQ) for reactions (1) and (2) is in 
good agreement with the Watson-Brueckner phenomenological 
theory.' However, the shape of the energy spectrum of reaction 
(1) shows a considerable deviation from that given by the 
phenomenological theory for P-wave pions and a final two- 
nucleon S-state.* 


* This work was performed under the auspices of the U. S. Atomic Energy 
Commission. 

'K. M,. Watson and K. A. Brueckner, Phys. Rev. 83, 1 (1951). 

1A. H. Rosenfeld, Phys. Rev. 96, 139 (1954). 


SS. =*/x~ Ratios Produced by 340-Mev Protons at 0°. 
J. E. Caroruers anp C. G. Anpre,* University of California. 

-The r*+/x~ ratio has been measured for several elements at 
0° to the 340-Mev proton beam of the Berkeley cyclotron. The 
detection scheme and the ratios obtained for deuterium have 
been described in a previous letter.' The most important 
feature of the detection scheme is that it allows a direct 
comparison of the positive and negative yield. A magnetic field 
separates the mesons from the proton beam and separates the 
different charges. When the field is reversed, particles of the 
opposite sign are counted by the detectors. The ratios obtained 


Tasie I, 
Energy 
(Mev) D(9*/2r7) He(e*/r™) Be(e*/x~) C(9*/s~) Pbh(9r*/r~) 
30 $.8+2.5 342 2.2 4.341.2 45216 0.83 +0.6 
60 22.143.5 108+ 2.1 924212 10.9416 1.7 +10 
120 35.1 418.3 12.7218 14.5419 6.7 +3.2 


* Now at Calvin College, Grand Rapids, Michigan. 

' J. Carothers and C. G. Andre, Phys. Rev. 88, 1426 (1952). 
are listed in Table I. The energies listed are those accepted by 
the magnetic channel. The large errors are the result of the 
very low x~ production, which lead to low counting rates. 


S6. Pion Production by Neutrons on Helium.* Peter H. 
Mov turop, University of California, Berkeley.—A helium- 
filled 36-atmosphere diffusion cloud chamber in a pulsed 
21 000-gauss magnetic field was operated in the 300-Mev 
neutron beam of the 184-inch cyclotron. Two hundred and 
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ninety five negative pions were found. The dominant reactions 
were a(n,pnx~)He’ and a(n,dr~)He’, each contributing about 
30 percent to the total cross section for negative pion produc- 
tion. The reaction a(n,pr~)a contributed less than 10 percent. 
Partial cross sections, energy, and angular distribution data 
will be presented. 


* This work was performed under the auspices of the U. S. Atomic Energy 
Commission. 


S7. Pion Production from Hydrogen by 600-Mev Elec- 
trons.* W. K. H. Panorsky anp G. B. Yopou, Stanford Uni- 
versity.—The ratio of bremsstrahlung-produced to electron- 
produced pions from hydrogen has been measured using a 
liquid-hydrogen target. Pions of 55 and 75 Mev at 75° toa 
600-Mev electron beam were observed. The data have been 
reduced to “effective radiation lengths” for electron-pion 
production, X,. which is the thickness of a fictitious radiator 
that would double the yield with electrons directly. The results 
are X,=0.025640.0030 and X,=0.0199+0.002! at pion 
energies of 55 and 75 Mev, respectively. The results are 
consistent with either electric-dipole or magnetic-dipole 
absorption. 


* Supported by the Office of Naval Research and the U. S. Atomic Energy 
Commission 


S8. «* Photomeson Production at 143°. R. SrepHEN WHITE, 
Mark J. Jakonson, AND Gorpon W. Reprp, University of 
California, Berkeley.—Liquid hydrogen and deuterium targets 
have been bombarded by the bremsstrahlung from the 
Berkeley synchrotron ; r* mesons were observed at 143° to the 
beam. The detection of +* mesons was by means of a coinci- 
dence between the stopping ** meson and the positron from 
the w* meson decay in a single plastic crystal, For thin 
absorbers (low-energy mesons) pulse-height analysis was done 
on the r*-meson pulse. Absolute cross sections were obtained 
with the help of emulsions exposed to #* mesons from 
deuterium. The excitation function at 143° for #*t-meson 
production from hydrogen and deuterium-hydrogen ratios will 
be given. The data will be compared to those of other labora- 
tories and with theoretical predictions.' This work was 
performed under the auspices of the U. S. Atomic Energy 
Commission, 

1 Geoffrey F. Chew, Phys. Rev. 95, 1669 (1954), 

S9. Neutral Photomesons from Hydrogen.* F. E Muitust 
AND L. J. Koester, Jr., University of Ilinois.—Total cross 
sections for the photoproduction of r® mesons in hydrogen have 
been measured from threshold to 240 Mev. One of the r®-decay 
y rays from a liquid-hydrogen target was detected in a 
scintillation-counter telescope. The detection efficiency of this 
telescope was calculated by a Monte Carlo method. Counting 
rates at laboratory angles of 84° and 130° were measured as the 
betatron energy was varied in 10 Mev steps. Analysis of these 
data by the photon difference method yields the cross sections 
for production of decay y rays. The kinematics of the decay 
process establish relations between these y-ray cross sections 
and the x° cross sections. In this energy range, the 84° y-ray 
cross section proves to be a measure of the #° total cross sec- 
tion. An S— P interference term is indicated by the comparison 
between the 84° and 130° y-ray cross sections. These results 
will be compared with other experiments and with theory 

* Supported in part by the Office of Naval Research and the U. 8. Atomic 


Energy Commission. 
t Now at Cornell University, Ithaca, New York. 


$10. Neutral Photomesons from Hydrogen.* L. J. Korstrer, 
Jr., University of Illinois.—Difierential cross sections for the 
reaction hy + p—>r® + p have been measured for incident photon 
energies between 180 and 215 Mev and around 280 Mev. The 
recoil protons from a liquid-hydrogen target were detected in 
nuclear emulsions. The c.m.s. angle of the r® was 135° at the 
lower energies and 110° at 280 Mev. By comparison with 














652 


measured total cross sections (preceding abstract) the 135° 


cross sections indicate a backward asymmetry in the angular 


distribution which can be explained as interference between S- 


and P-waves. The magnitude of the interference term agrees 


with results of Watson's analysis' and of the Chew-Low 


theory.” 








* Supported in part by the Office of Naval Research and the U.S. At 
Energy Commisei 
K. M. Watson, Phys. Rev. 95, 228 (1954 
*G. F. Chew and F. E. Low (private communication 


S11. Neutral Meson Photoproduction at Forward Meson 
Angles.* Dae R. Corson, Cornell University, AND WILLIAM 
S. McDona.p anp Vincent Z. Peterson, California Institute 
of Technology.—The recoil protons from cold, high-pressure 
hydrogen gas exposed to the 500-Mev bremsstrahlung of the 
CalTech synchrotron have been detected in C-2 600 micron 
emulsions placed within the target chamber. The minimum 
Pairs 
opposite sides of the beam were used to minimize errors in 


detectable proton energy is 5 Mev of emulsions 


beam centering. Range and angle with respect to the beam are 


measured, the angle being a sensitive measure of the photon 
Most background tracks may be eliminated by meas- 


urement o! 


energy 
i 


The net backgro 


ttons bevond the 


dip ingle. ind correction, esti 


mated from pr maximum recoil angle (71 
is 5 percent. Preliminary measurements yield the following 


cross sections (center of mass) for the reaction y+ P-+/ x 
Photon energy Oe (er le /dQ) (wb/stera 
0-340 Mev 45°-60 14.6 3 
260-340 Me 26°-45 95220 
$40 420 Me 26°-45 9222.1 
420-500 Me 26°-3 3.8320 
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An extrapolation of the data of Oakley and Walker’ at larger 
meson angles, using their angular distribution coefficients, is 
consistent with the present data. 


* This work was supported in part by the U. S. Atomic Energy Com- 


mT D, Oakley and R. Walker, Phys. Rev. (to be published). 

$12. A Search for the Photoproduction of Meson Pairs in 
Hydrogen.* M. Sanps, M. Biocu, J. G. TEASDALE, AND R. L. 
WaLKer, California Institute of Technology.—-An attempt has 
been made to detect negative mesons from the interaction of 
photons with hydrogen. The existence of negative mesons 
would imply meson pair production. Mesons produced in a 
high-pressure hydrogen target by the 500-Mev bremsstrahlung 
of the CaSTech synchrotron were detected by the magnet 
spectrometer used for other measurements.' Accidental coinci- 
dences and the electron background were reduced by adding a 
third counter to the detection apparatus and requiring 3-fold 
coincidences. Measurements at 73° with respect to the photon 
beam and using a meson energy window about 10-Mev wide at 
47 Mev gave a negative meson intensity for hydrogen (1.5 
+0.3)« 10°? of 
Most of the negative mesons were absent in measure- 
with a 375-Mev bremsstrahlung beam. 
Lacking further measurements, this number must be con- 
sidered an upper bound for the negative meson intensity. 
Measurements made at laboratory angles of 30° and 104° will 


the intensity of positive mesons of the same 
energy 


ments fe peated 


ilso be reported. 


* Supported in part by tl 


! Walker, Teasdale, ar 


e U. S. Atomic Energy Commission. 


*hys. Rev. 92, 1090 (1953). 
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Apparatus of Nuclear Physics, I 


Tl. Four-Pole Permanent-Magnet Rings for Focusing 
Beams of Charged Particles.* |. P. BLewett, N. C. Cristo 





FILOS, AND A. M. Vasu, Brookhaven National Laboratory The 
transverse-gradient magneti field pattern necessary for alter- 
nating gradient focusing of beams of charged particles can be 
set up insick i cylinder of unent magnet material g 
suitable procedures for magnetizatior Gradients of about 800 
gauss per cm have been achieved with good linearit 
cylinders hav g at nside diameter of one inc h The present 
work is aimed at a focusing system for a proton linear ac 
celerator. At approximate an alysis of the field pattern to be 
expected in a cylinder having given magnetic properties ind 
cates that higher gradients should be attained when the four 
pole magnetizing system is inside rather tha yutside the 











cvlinder. It indicates, moreover, that the attainable field 
gradients g materials of the Ferroxdur, Indox ig 
class should be materially higher than those re th 
Alnico V or ( ico. Both of these predictio s have bee 
verified by experiment. The fields are examined by rotating the 
cylinder about its axis and observing the o tput of a fixed 
search-coil. Harmonic an of the search coil output 
permits a study of the variou mlinear terms and an eval 
tion of the displacements of the axis from the 





geometrical axis of the cylinder 


® Work carried out under contract with U.S. Atomic Energy ¢ 


mmissior 


T2. Nonlinearities in the Alternate-Gradient Synchrotron.* 


E. D. Courant, Lat The equa- 


3rookhaven National Laboratory 


tions of motion in an alternating-gradient accelerator neces- 
sarily contain nonlinear terms. One may hope that these will 
ameliorate the effect of the resonance instabilities predicted by 
the linear theory'; one may also fear that the nonlinearities 
will irther instabilities. Numerical computations 
have been performed on the UNIVAC for a variety of non- 
It is found that stable equilibrium orbits 
exist, whether or not the corresponding linear 
table. If the parameters of the problem are 
during the course of the computation these 
nerally follow the 


introduce 


linear problems 
generally 
problems are 
slowly varied 


equilibrium orbits move. The particles g 








equilibrium orbits, but under certain conditions they jump 
from the region of influence of one equilibrium orbit to 
another; if the nonlinearity is too strong the motion may even 


nstable 
with the resonances of the linear theory 


become cx These jumps can be correlated 

It appears doubtful 
whether nonlinearities can permit the machine designer to 
ignore any of the resonances; on the other hand, moderate 
nonlinearities do not appear to give rise to any deleterious 
effects not predicted by the linear theory 


mpletely u 





* Work carried out under contract with U.S. Atomic Energy Commission. 


D Courant, Phys. Rev. 91, 456A (1953 


T3. Design Studies for Alternating-Gradient Magnets. Part 
I: Field Distributions Computed by the Relaxation Method.* 
M. Hi_prep Biewetrt, Brookhaven National Laboratory.—The 
magnet for an alternating-gradient proton synchrotron must 
produce a field with a uniform gradient over an aperture 
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determined by the possible excursions of the particles and 
should use as little steel as possible. At the same time, satura- 
tion effects should appear at as high fields as possible. As a 
guide in the design of the Brookhaven 25-Bev proton synchro- 
tron, a number of relaxation studies have been made of the 
field patterns around and in the steel, and in the exciting coils, 
for a variety of possible magnet configurations. The computed 
field patterns have indicated several possible modifications in 
magnet and coil geometry to improve magnet efficiency. In 
making relaxation computations, with the rather complex 
boundary conditions necessary for a high-gradient magnet, the 
ordinary methods involving computation of a vector potential 
have been found to yield insufficient accuracy in the derived 
field gradient. A modified potential function has been de- 
veloped which reduces the computational labor and from which 
gradients can be computed to better than 1 percent accuracy 
for magnet-pole contours of arbitrary shape. Conclusions from 
these studies are being tested on model magnets. 


® Work carried out under contract with U. S. Atomic Energy Commission. 


T4. Design Studies for Alternating-Gradient Magnets. Part 
II: Model Measurements.* GLEN R. LamBertson,t C. Lasky, 
AND RosBert H. Puitiips, Brookhaven National Laboratory.— 
Measurements have been made of the dc fields of alternating- 
gradient synchrotron magnet models of C-type configuration 
with an n of approximately 325. The models measured have a 
ratio of gap width to mid-gap height equal to 3.5. Gradient 
measurements using preliminary pole-face contours show a 
gradient uniform within 2 percent over approximately one half 
the width of the pole tip. Below 8000 gauss, saturation effects 
do not appreciably reduce this region. The region narrows 
rapidly as saturation increases, and above 10000 gauss 
attaining the required aperture constitutes a problem. Results 
of modifying the pole-face contours to extend the usable 
aperture to higher flux densities will be reported. The measure- 
ments are encouraging with respect to the feasibility of 
accomplishing the alternation of the gradient by reversal of the 
pole tips on the yoke 

* Work carried out under contract with U.S. Atomic Energy Commission. 


t On leave from the Radiation Laboratory, University of California, 
Berkeley, California. 


TS. Precision Vibrating-Coil Magnetic-Gradient Recorder.* 
MarTIN GRAHAM, Brookhaven National Laboratory.—The ac- 
curate measurement of a magnetic-field gradient is required in 
the testing of magnets for accelerators under development at 
Brookhaven National Laboratory. An instrument has been 
built which vibrates a search coil in the magnetic field, and 
vibrates a reference coil on the same shaft in a reference 
magnet. The voltages induced in the two coils are compared in 
a modified bridge circuit whose null is set by a self-balancing 
arrangement which also runs a recorder pen. The entire device 
produces graphs of normalized gradient versus radia) position 
in the magnet gap. The ranges of 0B/dr are 0 to 1 gauss/ 
centimeter, and 9 to 10 gauss/centimeter (suppressed zero). 
Multiplication factors up to 10° are available by use of an 
attenuator in the search-coil circuit. The performance is 
limited by thermal noise in the search coil to about } percent 
at the response speeds used. 


* Work carried out under contract with U. S. Atomic Energy Commission. 


T6. Scattering of Electrons in a Strong Focusing Syn- 
chrotron.* MicHaeL J. Moravcstk AND J. MicHaet SELLEN, 
Jr., Cornell University.—Calculations of the scattering loss are 
carried out for the 1-Bev Cornell “mesotron” under construc- 
tion. “Elastic’’ scattering by nuclei and “‘inelastic’’ scattering 
by atomic electrons are considered. Screening effects are ac- 
curately taken into account (by using the Hartree wave func- 
tion for the smallest scattering angles) because the very small 
angles relevant in the problem correspond to large impact 
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parameters. Because of these small angles the contribution of 
the inelastic scattering is just as important as that of the 
elastic process. It is shown that the total cross section in the 
highly relativistic limit as given by the Born approximation is 
independent of energy for any physical central potential where 
large angle scattering is unimportant. In applying the scat- 
tering formula to the synchrotron representative points are 
selected in the field lattice and the results are averaged over 
these points. Vertical and radial scattering are treated sepa- 
rately and the cross section for each of these is taken to be half 
of the whole cross section, The radial case will be complicated 
by the synchrotron oscillations. Two different injection condi- 
tions are considered and it is found that they give roughly the 
same results because of the damping of oscillations as the 
energy increases. 

* Assisted by the joint program of the Office of Naval Research and the 
U. S. Atomic Energy Commission. 


T7. A Method for the Prompt Destruction of the Electron 
Beam in a Conventional Synchrotron.* C. L. HAMMER AND 
A. J. Bureau, Jowa State College.—By passing current 
through coils wrapped around a section of the donut of a 
synchrotron it is possible to change the fall off index of a part 


‘ of the guide field while leaving the remaining guide field 


unaltered. This technique is used on the Iowa State College 
70-Mev synchrotron and complete beam destruction is found 
experimentally to occur in approximately 0.08 microsecond. 
The buildup of the radial oscillation is analyzed and it is 
estimated that complete destruction of the beam is accom- 
plished in approximately 10 revolutions or 0.06 microsecond. 
The analysis also shows that this technique can be a valuable 
aid in the extraction of an electron beam from a synchrotron or 
betatron. 

S. Atomic 


* Work was performed in the Ames Laboratory of the U 
Energy Commission. 


T8. Betatron Oscillations in a Fixed-Field Alternate- 
Gradient Accelerator with Spirally-Ridged Poles. L. Jackson 
LasLett, Jowa State College* and Midwestern Universities Re- 
search Association. t-—An analysis has been made of the particle 
trajectories to be expected in a spirally-ridged fixed-field 
accelerator similar to that described previously by Kerst, 
et al.’ The field in the median plane is taken to be of the form 


H = — Ho(r/ro)*( 1 +fsin(w™ In(r/ro) — NO), 


with the result that the basic character of the oscillations re- 
mains unaffected by the gradual increase of mean radius during 
the acceleration cycle. The periodic solution of the equations of 
motion suggests an equilibrium orbit which is appreciably 
scalloped. Stability conditions and other features of the 
betatron motion about this orbit are significantly affected by 
this scalloped character of the reference orbit. Approximate 
formulas and numerical examples are presented to illustrate 
these points. 

* Institute for Atomic Research and Ames Laboratory of the U.S. Atomic 


Energy Commission 
+t Assisted by the National Science Foundation. 


' Kerst, Terwilliger, Symon, and Jones, Bull. Am. Phys. Soc, 30, No. 1, 14 
(1955), abstract DS. 
T9. Synchro-Microtron Requiring No Static Magnetic 


Guide Field. H. F. Kaiser, Naval Research Laboratory.— 
A previous paper proposed an electron accelerator in which a 
magnetic field rising stepwise in time is superposed locally on a 
given static field microtron orbit. Subsequent finite and 
stepwise electron energy increases are then matched by step 
increases in magnetic guide field, allowing the particle to reach 
at constant orbit radius any energy attainable with the 
superposed field. The theory is now extended to the case where 
the usual static magnetic field is absent and the particle energy 
and field increase stepwise from the outset. In previous theory 
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coincidence output and a slow channel discriminator pulse. At 
a fixed time delay in the rf leg of the fast coincidence circuit the 
spatial distribution of the proton was determined for two 
positions. These positions were separated in flight time by one 
rf period (54 mysec). The following operating parameters were 
measured : exit orbit circumference, 114+1 cm; proton energy, 
2.31+0.02 Mev; time dispersion, 2.5 musec. Since no change in 
time dispersion was observed for the two proton positions and 
different spatial sections of the beam were the same 

it was concluded that the beam is monochromatic to 


the ste Pp operation began 1 


> difference in particle as 


T10. Cyclotron Energy Measurement by Time-of-Flight.* 
m, C. O. Muewiamause, ann H. E. WEGNER 


vatere = tie 


S BLO 

Til. An 8-Mev Variable Energy Cyclotron. H. W. Fut- 
BRIGHT, D. A. BRoMLEY, AND J. A. BRUNER, University of Roch- 
ester.—Details of the construction and successful operation 
of the new 27-in. variable energy cyclotron and beam-handling 
at the University of Rochester will be described. A 


proton beam of energy easily and quickly adjustable to any 
energy from 1.5 to 8 Mev having a narrow energy spread and a 
ilysis) of several tenths of a microampere is 


s of 4.5 Mev and alpha particles of 9 Mev 


erated. The cyclotror nf vsa single dee 
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TAl1. Gamma Rays from Protons on P 


HOW. I Duk 
ta /d2(90 
rr terad 
0.0 
0.025 
0.043 
0.037 


sat 1.03 Mev, and 
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TA3. Neutrons from the Proton Bombardment of S*™ and 
S*.* F. AjzEnperG anv A. Rustin, Bost University, AND 
|. G. Lixery, Princeton University An isotopic sulfur target, 
50 kev thick, and an enriched CdS target, 100 kev thick, have 

17.5-Mev protons from the Princeton 

was prepared by the method of 

riched*? CdS was pai ted on 

nents of proton recoil 

150 degrees (1500 

2. The Reaction P"'(p,a)Si™®. R. L. CLARK: ' tracks) indicate four 1 n groups corresponding to states tn 
" re R a rator / l at eutr y t ond to states in Cl*. An 


I B. Paur, Chalk 
I Its of these neutron 


the Cl**—S*™ decay 


S. Atomik 


ys. 26, 95 (1954 
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TA4. Protons from the Alpha Bombardment of A** and A*.* 
Rospert B. Scuwartz, James W. Corspett,t AND WILLIAM W. 
Watson, Yale University targets 150 kev thick of 
natural argon (99.6 percent A®; 0.34 percent A**) and of argon 
enriched in A** (97.4 percent A®*; 2.5 percent A®) have been 
bombarded with 7.4-Mev alphas from the Yale cyclotron. 
Protons at 90° to the incident beam have been studied by 
means of 50-% Ilford C-2 emulsions, placed 19 cm from the 
target. The ground-state Q-value for the A**(a,p)K® reaction 
is —1.29 Mev, with excited states at 2.60 and 2.81 Mev. The 
ground state Q for A®(a,p)K® is —3.55 Mev, with excited 
states at 0.44 and 1.01 Mev. The ground-state Q-values are in 
good agreement with the Q’s computed from mass spectrome- 
ter and beta-decay data.'! The rather high energy of the first 
excited state in K* follows the trend of the first excited states 
in the other 20-neutron nuclei whose dy proton shell is being 
filled 


only 4 percent of the cross section for the A** reaction 


(Gas 


he cross section for the A®(a,p) K® reaction is quite low 


* Supported in part by the U Atomic Energy Commission 
+t General Electric Coffin Fell 
W. King, Revs. Moderr 


and Pennington, Rev 


26, 327 Duckworth, Hogg, 


26, 463 


1954 
1954 


TAS. Angular Distribution of Proton Groups from Ca‘ 
d,p)Ca** Reaction.* C. K. Bocke_man, C. M. Braams, W. 
W. Buecuner, and D. B. Gutue, M./.7.—Thin CaO targets 
were prepared by evaporating CaCO, of isotopic constitution 
65 percent Ca® and 35 percent Ca®. These were 
bombarded with 7-Mev deuterons accelerated by the MIT- 
ONR The recorded with 
nuclear emulsions in the broad-range magnetic spectrograph at 
Results for the 
groups of greatest yield have been obtained. They indicate 
that both the ground state and 1.00-Mev state in Ca are fitted 
by 1, =3 Butler curves, if the radius is chosen as 7.5K 10™ cm. 
The state at 0.60 Mey 
1, =1. Results on the ¢ 
those of Holt and Marsham 


targets 


generator proton spectrum was 


fifteen angles between 10 and 100 degrees 


shows a distribution characteristic of 


"a" levels are in general agreement with 


I 


This work has been « mn of the Office 


ival Res har ton i nin 
Holt and mam, Pr *hys ndon) A46, 565 


TA6. The Stripping Reactions Fe**(d,p)Fe*’’ and Fe’’- 
d.p)Fe**.* CuHartes E. McFARLAND, FRANKLIN B. SHULL, 
ALEXANDER J. ELwyn, AND BENJAMIN ZEIDMAN, Washington 
l Targets of concentrated Fe*’ (74.6 percent) and 
natural Fe**, both in the form of Fe,O;, were bombarded with 
10-Mev deuterons. Energy spectra of the protons emitted were 
5° in the forward hemisphere with the 


niversuly 


observed at intervals of 

{an absorber stack of 

the Fe®*(d,p)Fe 

s Those for the 

reaction are 7 (grou state), 6.26, 5.15, and 
1 


ulated from Butler's 


aid of a proportional counter telescope anc 
Q-va 


ies measured for 


and 4.24 Mey 


variable thickness 
reaction are 5 53 
Fe*" (d,p)Fe® 
3.72 Mev 
theory of stripping reactior 
of these 


neutrons having one 


1 
i 
| 
i 


(\groum tate 
By comparison with curves cak 
ilar distribution of each 
groups was found orrespond to the capture of 
The 


either 


nit of orbi ingular momentum 


spin of eac h of the two observe d states of Fe s7 is hence 
4 or } and the parity 


the observed states of Fe** i 2, or 3, and their parities are 


of both states is odd. The spin of each of 


all even 


* Supported by the U. 5s ir Force through the Office of 


search of the 


the Air Fo dogment Commes 
S. T. Butler, Prox lon) 208, 559 (1951 

TA7. The O'*(d,ny)F** Reaction. H. D. HOLMGREN AND 
J. W. Butier, Naval Research Laboratory The “gamma-ray 
threshold” technique’ of observing energy levels has been 
applied to the O"*(d,2y7)F™ reaction to study the energy levels 
of F™ in the region of excitation extending from 6.0 Mev to 
7.6 Mev. The apparatus was adjusted so as to observe thresh- 
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olds for gamma rays in the energy range between 4.0 and 7.5 
Mev. The only threshold observed was at a bombarding energy 
of 350 kev, corresponding to a level in F” at an excitation of 
6.04 Mev. In addition to a gamma ray of 6.04 Mev, there 
appears also to be a threshold for a 4.37-Mev gamma ray at 350- 
kev bombarding energy. A detailed study of the gamma ray 
spectrum at a bombarding energy of 1.40 Mev confirms our 
belief that there are no other levels in this region which decay 
predominantly to any level below the 1.59-Mev level of F", 
since no gamma rays with an energy higher than 4.5 Mev were 
observed with an intensity greater than 10 percent of that of 
the 6.04-Mev gamma ray. 


1J. W. Butler, Bull. Am. Phys. Soc. 29, No. 7, 26 (1954), abstract R7 

TA8. Inelastic Scattering of Protons from Fe™ and Fe**.+ 
G. C. Putiurps, C. R. Gossett, J. P. Scurrrer, anp P. M 
WINDHAM, The Rice Institute.—The Rice Institute 180 
netic spectrometer has been used to study the low-energy 
levels of iron by bombarding thin targets of separated isotopes * 
with protons at energies up to 5.7 Mev. Only one level in each 


mag- 


isotope was observed for excitation energies below 1.5 Mev 
These levels are: Fe™, 1.413+40.005 and Fe**, 0.845+0.005 
Mev. The operation of the spectrometer with the Van de 
Graaff generator f 
discussed. The resolution attained is 


wr inelastic scattering measurements will be 
Ap/p=5«10™* Typical 
spectra will be presented 

Energy Comn 


} 


t Supports in part by the U. S. Atomik 
*s ul Labor 


pplic he Oak Ridge Natio atory 
TA9. Inelastic Scattering of Protons from Isotopes of Mn, 
Ni, and Cu.* J. P. Scurrrer, P. M. Winpuam, C. R. Gossett, 
ano G. C. Puitiips, The Rice Institute.—The Rice Institute 
180° magnet trometer has been used to study the low 
lying excited states of five isotopes by inelastic scattering of 
protons Thin ev 1 
bombarded with protons using energies from 4.6 to 5,7 Mev 


iporated targets of enriched isotopes were 


Levels excited Mev 
0.128 40,007 
1.453 +0.005 
1.329 +0.005 
1.326, 1.410, 1.549 al 


Il +0005 
w iS Me 


0.669, 0.968 


N evel bserved bel 


n part by the U. S. Atomic Energy Comn 
he Oak Ridge National Laboratory 


TA10. The reaction Ni**(a,y)Zn®. H. MorinaGa, Purdue 
Unwersity The yield of Zn™ from the alpha parti le bom- 
bardment of natural nickel was studied as a function of the 
energy of the alpha particles. The 9.3-hour activity due to Zn® 
(produced by the (a,y) reaction on Ni**) was compared with 
the 38-minute activity of Zn™ (produced by the (a,y) reaction 
on Ni®™) after chemical separation of zinc from the targets. At 
nergies of 12.0, 13.9, 15.7, and 17.2 Mev, the 
ire 0.30, 0.49, 0.47, and 0.42 mb, respec tively 


alpha particle r 
cross sector 

The order of magr 
for the de-excitation of the compound nucleus by electric 


itude is in good agreement with the estimate 


dipole transitions. The energy dependence of the cross section 


can be calculated from the statistical theory assuming reason 


able level densities. The ratio of the experimental value to the 
cak ulated value 


of the dipole trar 


increases considerably with energy, indicating 


the reductior ition rate at lower energy or 


some enhancement at the energy corresponding to the giant 


resonance observed in photon iclear reactions 


TA11. Gamma Rays from the Proton Bombardment of 
Cu-63 and Cu-65.* C. E. Wetier anp J. C. Grosskrevtz, 
University of Texas.—Gamma radiation from the bombard 
ment of the separated isotopes Cu-63 and Cu-65 with 1.9-Mev 
protons was observed by means of a Nal crystal and a 20- 
channel analyzer. From Cu-63 we detected 0.995-Mev gamma 
rays, and from Cu-65 1.04- and 0.824-Mev gamma rays, all 
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presumably due to the inelastic scattering of the protons. The These values fit well with the high-energy data of Kinsey and 
0.995- and 1.04-Mev radiations correspond to transitions from Bartholomew.? A discussion of the level scheme for Cd" will be 
known excited states of Cu-63 and Cu-65, respectively.' The presented. 
0.824-Mev gamma ray we assign to either a new level in 
Cu-65 at 0.824 Mev or to a transition from the 1.04 level toa ‘fone akg om bag SSC) 8S eniecamne 
y y 
level at 0.210 Mev. Evidence for the latter level has been ? Kinsey and Bartholomew, Can. J. Phys. 31, 1051 (1953). 
previously reported.? We have as yet been unable to detect a 
0.210-Mev gamma ray. A continous gamma-ray spectrum up : TA13. DY)» (p,@), (p,Hes), (p,t), and (p,Be’) Cross Sec- 
to at least 10 Mev was also observed, most probably due to ‘ions. B. L. Conen, H. G. Biosser, D. J Coombe, G. H. 
proton capture. rt ick target vield curves of the two 1-Mey McCorick, anp E. Newman, Oak Ridge National Laboratory. 
gamma rays will also be shown. The onset of the (p.n) reactiot Activation cross sections for several (p,7), (p,a), (p,Hes), 
Cu-65 is « 7 arly evident just above 2.0 Mev. and (p,t) reactions were measured using 22-Mev protons from 
: the Oak Ridge National Laboratory 86-inch cyclotron. Re- 
el + Anlbane part by the Office of Scientific Research, Ai par duced energies were obtained with absorbers; radiochemical 
Nuclear Daia (Ur States Department of Commerce, tional processing was used in most cases. (p,7) cross sections vary 
. Rh. ", — a : Che ~~ Rev. 78. 318 (1950 only slightly with bombarding energy and target mass; this is 
strongly contrary to expectations from compound nucleus 
TA12. Gamma-ray Spectrum of Cd"*(ny)Cd'.* Henry interaction. The absolute cross sections (~1 mb) are con- 
Mote Drcsiieve: Metisndl Laleretere.—Iilae aneume, om sistent with a direct interaction interpretation (p,a) cross 
. sections are in general agreement with the predictions of 
ies Gees cuits off > ceeded Yet aie statistical theory ; this includes cases for A =54—202 and is in 
4 _ «4. sharp contrast to the findings of Paul and Clarke! for (#,a) 
wie: ' gaggee reactions. (p,t) and (p,Hes) cross sections are also in good 
igreement with the predictions of statistical theory; this 
indicates that, after correcting for Coulomb and energetic 
effects, emission of tritons, He*® ions, and alpha particles in 


. “ohne gt 1 inreso d continuum 


nuclear reactions is just as probable as emission of neutrons or 
protons. A search for (p,Be’) reactions was made with 30-Mev 
protons from the Berkeley linac.? Preliminary results indicate 
a(p,Be’) <0.1 mb in fluorine, oxygen, and sodium. 

E. B. Paul and R. L. Clarke, Can. J. Phys. 31, 268 (1953). 


? We are greatly indebted to Dr. L. Alvarez for the use of the University 
{ California Radiation Laboratory linear accelerator 
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Invited Papers on Thermodynamics and Cryogenics 


Ul - Carnet s Concept of Entropy, and Modern Presentations of Thermodynamics. V. K. LA Mer, 


urn ” rsily ww) min.) 


j2. New Definition of the Kelvin Scale Adopted by the Tenth General Conference on Weights 
and Measures. F. G. Brickweppe, A mal Bureau of Standards. (30 min 

U3. The Theory of Liquid Helium. R. P. Feynman, California Institute of Technology. (40 min.) 

U4. Structure of the Intermediate State in Superconductors. A. L. Scuaw Low, Bell Telephone 


Laboratories. (30 min 
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J. W. Davisson presiding) 


Various Topics in Solid-State Physics 


UAI. Low Frequency Vibrational Spectrum of F.C.C. mental values of ¢;;, ¢:2, and cy, are used to discuss the varia- 
Lattice. Satter, Wabash College (introduced by F. I tion of the equivalent Debye © in the low-temperature range 
Throw ouston’s method? is applied to the problem of for several substances of interest. 
determining the normal moc atuen omen <i na Oe W. V. Houston, Revs. Modern Phys. 20, 161 (1948 
tow -Treque ¥ iimut The * E. Bauer, Phys. Rev. 92, $8 (1953 
method yields explicit expressions for the coefficients @;, g(a 
= dw +4 wt + aw in terms of the force parameters UA2. On The Frequency Spectrum of a One-Dimensional 
occurring in the dynamical matrix for the problem. Experi Isotopic Crystal Mixture.* Ropert J. Rusin anv B. A. 


face-centered cu lattice in the 
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FLEISHMAN, Applied Physics Laboratory.—We use a perturba- 
tion method to obtain the first- and second-order corrections to 
the vibration frequencies of a one-dimensional crystal com- 
posed of a random arrangement of two isotopes of mass M4 
and Mz in the proportions P:(1—P). The zeroth-order ap- 
proximation is chosen to be a uniform crystal composed of 
particles with the average mass M= M4P+Mz,(1—P). The 
average first-order correction is zero where the average is taken 
over all possible arrangements of the isotopes. The average 
second-order correction to the square of the ith frequency is 


3k 
2) «= -__.. P — P) «int 
@; au (1 P) sin 


ix 
2(N+1) 

Sf ec A 

L(N+1) sin*ix/(N+1) © ix sinix/(N+1) 

where & is the force constant and @ = (M,4—Ms,)*/4M*. The 
second-order correction as might be expected diverges at high 
frequencies (i~N). The existence of this divergence has a 
bearing on a perturbation calculation of the zero-point energy 
of a one-dimensional isotopic crystal mixture. 


* This work was supported by the Bureau of Ordnance, Department of 
the Navy. 


UA3. On the Optical Properties of Solids. Hersert B 
Rosenstock, Naval Research Laboratory.—Accepted first- 
order theory asserts that a nonvanishing dipole moment is 
associated with only those vibrations of a lattice whose 
propagation vector is zero.' This result is based on the use of 
the so called ‘“‘cylic’’ boundary conditions in the normal mode 
analysis of the lattice. Application of exact boundary condi- 
tions? to the problem indicates, however, that the dipole 
moment is a quasi-continuous and ordinarily nonvanishing 
function of the propagation vector with a strong peak at the 
point predicted by first-order theory. It follows that the 3n—3 
(or fewer) sharp lines which make up the first-order infrared 
absorption spectrum (also the reflection- and the first-order 
Raman spectrum)’ of a crystal with m atoms per unit cell 
should be broadened and that “absorption edge”’ effects should 
be observed at the frequencies at which singularities‘ appear in 
the frequency spectrum of the solid 


!M. Born and M. Goeppert-Mayer, Handbuch der Physik (Verlag Julius 
II 


Springer, Berlin, Germany, 1933), 24/2, 623, Sec 
2M. Born, Proc. Phys. Soc. (London) 54, 362 (1942 
Soc. (London) A188, 161 (1947). 


Roy. § 
‘L. van Hove, Phys. Rev. 89, 1189 (1953); H. B. Rosenstock, Phys. 


Rev. 97, 290 (1955). 


UA4. Change in Length of Alkali Halide Crystals Caused by 
X-Ray Irradiation.* Lan-Yinc Lin anp B. R. Russet, 
University of Pennsylvuania.—Potassium and sodium chloride 
crystals (about 12 mm X7 mm X1.5 mm) at room temperature 
were irradiated with x-rays in a thermostated enclosure regu- 
lated to 10 °C. The crystals were about 2} inches from the 
x-ray-tube beryllium window. The change in length of the 
largest dimension of the crystal was measured during the 
irradiation by a capacitance-type dilatometer with sensitivity 
10-* cm. The F center density calculated from the increase in 
length per unit length (assuming one ion pair at the surface for 
each pair of lattice vacancies) agreed within 5 percent with the 
number of color centers determined subsequently by optical 
absorption measurement. For example: Al/] =6.1 X 1077, n(cal- 
culated) =4.110"* cm, n(optical, colored portion) =3.9 
<10°* cm for NaCl; Al/l=1.3610~-*, n(calculated) =6.6 
<10'* cm™, (optical) =6.7 X 10'* cm~ for KCI. These crys- 
tals were uncolored in about 30 percent of their volume as they 
were larger than the x-ray beam. Using a slightly smaller 
crystal to get uniform coloration throughout the whole crystal, 
Al/l=4.310-7, n(calculated) =2.110"* cm™*, n(optical) 
= 2.0 10"* cm™ for KCL. 


* This research was supported by the U. S. Air Force, through the Office 
of Scientific Research of the Air Research and Development Command. 
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UAS. X-Ray Diffraction Studies of Radiation Damage of 
Germanium Single Crystal.* SIGMUND WEISSMANN AND ROGER 
CHANG, Rutgers University.—A germanium single crystal (im- 
purities 1 part in 10°, resistivity 35 ohm-cm) was acid-cut into 
two halves. One half of the crystal was subjected to neutron 
irradiation at a temperature of 160-200°C. The slow neutron 
flux was measured to be 1.43 X 10" n.v.t., the fast neutron flux 
was estimated to be half this value. Rocking curves were 
performed for both the irradiated and unirradiated specimens 
using a calcite crystal as first crystal and testing the specimens 
in the (1, —1) position with CuKa; radiation. The halfwidths 
for the (111) reflection obtained were: unirradiated specimen 
56 seconds of arc; irradiated specimen 34 minutes of arc. The 
irradiated germanium crystal exhibited also considerable 
diffuse scattering. Precision lattice parameter determination 
yielded : unirradiated specimen, @o = 5.657;A ; irradiated speci- 
men ado=5.659,A. The increase in lattice parameter (about 
0.02 percent) for the irradiated specimen is insufficient to 
account for the observed 3-fold increase in halfwidth. An ex- 
planation of the observed phenomena is being advanced, 


* Work supported by the U. S. Atomic Energy Commission. 


UA6. Slip Systems and Creep in Oxide Crystals. J. B. 
WaACHTMAN, JR., AND L. H. Maxwett, National Bureau of 
Standards.—Single crystals of periclase, rutile, and sapphire 
deform by slip at temperatures above one-half their absolute 
melting temperature. Slip systems are (100), (110), and (111) 
with [110] in periclase, (011) and (201) in rutile, and (0001) 
with [1120] in sapphire. Temperature of about 1600°C is re- 
quired for deformation other than slip on the (0001) plane. 
There is a rather well-defined stress required to cause creep to 
begin in sapphire. This creep yield stress is 780 kg/cm* resolved 
shear stress at 900°C and falls monotonically to about 130 
kg/cm* at 1400°C. Sapphire containing about 0.75 percent 
chromia has a value about twice that of pure sapphire at 
1300°C. The typical creep curve for sapphire under constant 
load has a distorted ‘S"’ shape. Creep begins very slowly at 
first, rises to a maximum rate, and finally falls off to a very 
slow rate. At 1300°C a final stage of fast creep apparently 
leading to failure sometimes occurred. The modulus of rupture 
of sapphire measured in short-time tests rises from about 3800 
kg/cm* at 800°C to about 6200 kg/cm? at 1000°C. This is 
interesting as plastic deformation in long-time tests begins 
about 900°C 


UA7. Relationship between Activation Energy for Slip in 
Crystalline Solids and Applied Stress Based on a Dislocation 
Model. RoGer CHanG, Rutgers University.—Attempts have 
been made by many investigators’ to find a theoretical re- 
lationship between activation energy for slip in crystalline 
solids and applied stress with only limited success. The present 
theory assumes that the activation energy for the movement 
of a dislocation line against an array of obstacles is equal to the 
maximum work done by the tension in the dislocation line to 
move the dislocation against the obstacle one interatomic 
distance in the slip direction. A simple derivation yields 
U = — (Gh /4r) In(r/re), where | 
shear modulus, 6 Burger's vector, In natural logarithm, r 
applied shear stress, ro= (Gb/4rQ»), Qe being the effective 
radius of that region around the dislocation line within which 
Hooke's law fails (Q92:2b). The agreement between theory and 
experimental data is remarkably good. Further work based on 
the theory is being carried on by the author to develop a 
generalized theory of creep in crystalline solids 


is the activation energy, G 


'F. R. N. Nabarro, Advances in Phys. 1, 336 (1952 
7A. H. Cottrell and B. A. Bilby, Proc. Phys. Soc. 
1949) 

*T. Yokobori, J 


62A, 49 


London) 


Physiol. Soc. Japan 7, 44 (1952) 


UA8. Cavity Formation in Iron Oxide.* D. W. Juenxer,t 
R. A. Meussner, anp C. E. Bircuenatt, Princeton Uni- 
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The bearing which these measurements have upon the 


questions raised above will be discussed. 


for Geo- 


UAI10. Hall Effect and Resistivity Study of Photoconducting 
PbS Films. Joseru F. Woops, U. S. Naval Ordnance Labora- 
University of America.—Hall coefficient (R) 


been measured on chemically-deposited 


; 


tory, and Catholic 
ind resistivity (p) have 
PbS photoconducting films* under varying degrees of illumina- 
tion sufmcient to prod ice current increases of 3 to 167 percent 
1e dark current. R is measured by a d—c method utilizing a 

ing reed electrometer and recorder Values of the ratios 

nd Ap/ps are accurate to within 3 percent, where Ro 

the dark values of R and p respectively, and AR and 
the corresponding changes produced by the illumina- 
} 
l 


nd that under a given value of illumination 


» Ap/po within 7 percent. R is basically a 
imber of carriers within the crystallites while 
imber of carriers and on the mobility 

these results 

under 


is caused 


UA9. Energy Transport i 


n the Scintillation Process.” | 
1 t \fer . ; 


MILLAN, Univer Sao 


# the Eastman 
hese studies 


UAII1. *The Absorption of Alkali-Halides in the Far Ultra- 
Violet. J. R. Netson, J. G. SteGrrirep, anp P. L. HARTMAN, 
Cornell University lo augment photoconductivity measure- 

be made on NaCl and KCl, the absorption spectrum 


tances has been obtained at two temperatures, in 


rom 900A to 1750A. Measurements on evaporated 


nd on bulk crystals by reflectivity are in 


but not in strict accord with the data of 


d O'Bry Curves will be shown illustrating new 
spectrum and points of difference with previous 
i 1 


effect of narrowing and resulting appear- 


e of the presumed exciton c at low 
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ntal Room 


presiding 
Radioactive Substances, I 


Vi. Gamma Rays from P*, Cl™, an 


V2. Radioactive Decay of Ca‘’.* I IDO _N 
Benczer, AND V. K. FiscHer, Columbia University rhe 
l l nt investigations he decay prop- 
msiderable disagreemet! F to the 
negatron groups, the number of 
nd the half-lives. We have rein- 
attempt to resolve these disagree- 
understand rti of its features. The Ca half 


to be 4 ays and a beta spectrum is 
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observed which can be resolved into groups of maximum 
energy 1.92+0.02 Mev and 0.65+0.03 Mev. Gamma rays of 
1.314+0.02 Mev, 0.82+0.02 Mev, and 0.48+0.02 Mev are 
ound. Gamma-gamma coincidences are observed only be- 
tween the 0.82 Mev and the 0.48 Mev radiations. We see no 
other gamma rays unambiguously attributable to Ca. The 
results of these investigations and others in progress on the 
A =47 isobars will be discussed 


* This work partially supported by the U.S. Atomic Energy Commission. 


1 Luis Marquez, Phys. Rev. 92, 1511 (1953) 
? Cork, LeBlanc, Brice, and Nester, Phys. Rev. 92, 367 
+ Aten, Grenell, and Van Dijk, Physica 19, 1049 (1953 


1953 


V3. Decay of Sc*.* J. W. BLue anp E. BLEuLeR, Purdue 
University.—The decay of Sc“ has been reinvestigated using a 
magnetic-lens spectrometer adapted to coincidence measure- 
ments. The fraction of transitions going by electron capture 
has been measured to be 0.06+0.01, in agreement with theory. 
With this branching ratio the total conversion coefficients of 
the 270-kev isomeric transition and of the 1.16-Mev gamma 
ray in Ca“ are 0.132+0.002 and 6.36+0.13 K 10~ respectively 
This indicates an M4 or EA transition for the 270-kev gamma 
ray and an £2 transition for the 1.16-Mev gamma ray. The 
Bruner! to ac 
company 4 percent of the positron decays, has been studied in 
coincidence with the nuclear gamma ray and with the 
positrons. The intensity was observed to be very dependent on 
the thickness of the and vacuum 
evaporated sources on 0.6 mg/cm? Al backing, the electron 
intensity between 30 and 150 kev was found to be 4 of that 
previously reported. The coincidence measurements show that 
j of these electrons are not in coincidence with the full-energy 
ire created by the gamma ray 


continuous electron spectrum, reported by 


source backing. Using 


nuclear gamma ray and hence 


* Supported by the U. S. Atom nergy »mmission. 


1 J. A. Bruner, Phys. Rev. 84, 


V4, Inner Bremsstrahlung from V‘*. R. W. HAYWARD AND 


National Bureau Standards The x-radia- 


g from the electron capturing V@ 


D. D. Hoppes, 
tion and inner bremsstrahlur 
have been studied by means of an methane proportional 
counter and a well-type sodium-iodide scintillation spectrome- 


ter. The observed internal bremsstrahlung spectrum is cor- 


irgor 


rected for background, energy resolution, Compton and escape 
electrons, gamma-ray detection and geometrical efficiency of 
the crystal, and source-absorption effects. The spectrum may 
be essentially accounted for over most of the energy range by 
the theory of Glauber and Martin’ 
capture and Coulomb effects. The total disintegration energy 
of V® as determined from the spectrum is 610+10 kev. A 
recent determination of the half-life of 334+20 days by Lyon? 
leads to a logft=6.16+0.03, a value consistent with other 
allowed spectra with transitions within the f7/2 shell 

1R. J. Gi Martin, Phys. Rev. 95, $72 

*w.s.l 97, 12 1955 


incorporating p-electron 


auber and P. ¢ 1954). 


m, Phys. Rev 

VS. The Internal Conversion Coefficient of Cr—Sl. Z. 
O'F rire. anp A. H. Weser,* Saint Louis University.—The 
internal conversion coefficient of V® Cr®) 
measured (using a thin lens 8-ray spectrometer) employing the 


(parent, was 
Compton electron spectrum for determination of the number 
nuclear photons,' following the Thomas- 
ue of ag is (1.38+0.13)xK10- 
Maeder, et al.* 
measurement of 


of unconverted 
Lauritsen analysis.? The 
This value compares with 1.5 10-* of von D 
who used a scintillation detector for the 
These values correspond 
Cr® 


the Compton 


atomic x-rays and nuclear photons 
to an M1 transition in the Rose-Goertzel tables. Since 
decays by K-capture to the ground state of V", 


{ 


electron method is partic larly applic able 


* Supported in the initial phases of the work by the U. S. Atomic Energy 
Commission. 

t Sturcken, O’Friel, and Weber, Phys. Rev. 93, 1053-1056 (1954 

2R. G. Thomas and T auritsen, Phys. Rev. 88, 969-986 (1952) 

?von D. Maeder, Preieweik, and Steinemann, Helv. Acta Phys. 25, 
461-463 (1952) 
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V6. The Decay of Rh™ and Rh™*.* M. E. Bunker, J. P. 
MIZE, AND J. W. STARNER, Los Alamos Scientific Laboratory. 
The radiations of Rh" (44 sec) and Rh™* (4.3 min) have been 
investigated with 8- and y-scintillation spectrometers and a 
magnetic lens. The dominant radiation of Rh™ is the well- 
known 2.5-Mev ground-state 8 transition (98.5 percent). 8~y 
coincidence studies have revealed two other Rh™ 8 groups 
with energies and intensities of ~1.9 Mev (1.4 percent) and 
~0.7 Mev (0.08 percent). Associated with the lower-energy 8 
groups are y rays of energy 0.556 and 1.24 Mev. These two 
gammas are in coincidence. Although Rh" decays pre- 
dominantly by gamma emission to Rh™, it is also 8 unstable 
(~0.1 percent of the disintegrations), giving rise to y transi- 
tions in Pd™ of energy 0.556, 0.74, 0.78, and 1.53 Mev. yy 
coincidence studies indicate the existence of additional y rays 
of energy ~0.92 and ~1.34 Mev which are presumably also 
associated with the decay of Rh’. Possible spin assignments 
for the levels of Pd’ will be discussed. 


* Work performed under the auspices of the U. S. Atomic Energy Com- 
mission 


V7. Decay of Neutron Deficient Rhodium Isotopes.* 
DonaLp J. FARMER, University of Washington.—Observation 
of the decay of internal conversion electrons from active 
rhodium using a beta-ray spectrometer with sources prepared 
from the rhodium fractions of proton- or deuteron-bombarded 
ruthenium, and additional studies with a Nal (TI) scintillation 
coincidence spectrometer using sources prepared by proton 
bombardment of natural and separated isotopes of ruthenium 
reveals radiations having the following characteristics: Rh 
mass <99, half-life 15.0+0.2 days, gamma rays 0.086 Mev 
(K/L/M =25/5/1) 0.353 
these radiations and with annihilation radiation; Rh mass 
<102, half-life 5+1 years, gamma rays 0.127 Mev (K/L #8) 
and 0.198 Mev, coincidences between these radiations, no 


and Mev, coincidences between 


coincidences with annihilation radiation. These radiations were 
previously attributed to Rh’ (220 day).' 
merts of 4.5 day Rh™ 
the assignments of the higher-energy gamma radiations of 
Rh', Gamma-ray coincidence studies have been made on the 
latter isotope 


? The mass assign 
and 21 hour Rh™ are confirmed, as are 


* Supported in part by the U. S. Atomic Energy Commission 
1L. Marquez, Phys. Rev. 95, 67 (1954). 
!D. B. Kochendorfer and D. J. Farmer, Phys. Rev. 96, 855A 


1954) 
V8. Attenuation of the Cd''' Directional Correlation in 
Liquid In'*"' Sources. R. M. Srerren, Purdue University 
Directional Correlation measurements' on liquid 
sources of In" indicated the presence of a small but not 
negligible attenuation of the Cd" gamma correlation in dilute 


viscous 


aqueous solutions of In salts. The attenuation effect is due to 
the interaction of the nuclear quadrupole moment in the first 
excited Cd" state with the rapidly fluctuating fields which are 
present in the liquid. This time-dependent interaction is 
characterized by a parameter A». Measurements of the 
directional correlation of the Cd™ gamma ravs as a function 
of the delay-time between the emission of the first and the 
second gamma ray enabled us to measure \, directly for 
different liquid sources. In dilute aqueous solutions \,= (6+1) 
«10* sec". Viscous (aqueous solutions of InCl, 
+glycerin) show considerably larger values of \.; however, \_ 


sources 


does not increase as rapidly as the macroscopic viscosity of the 
liquid. The unperturbed directional correlation of the Cd™ 
gamma cascade, as obtained from these 
W(@) =1 (0.18 +0.01)P.(cos@) 


'P. B. Hemmig and R. M. Steffen, Phys. Rev 


measurements, 1s 


92, 832 (1953) 

V9. A Fast Favored First Forbidden Beta Transition.* 
Micwart J. GLAuBMAN, Princeton University.—The ground 
state of Sb” is known to be 2—'; the ground state of the even- 
even Sn'™ nucleus is presumably 0+. The transition between 
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the two states is parity favored and therefore unique (Tensor), 
and the K/8* ratio depends only on the energy and certain 
well-defined electronic wave functions.? We have measured the 
positron intensity (by measuring the annihilation radiation in 
a calibrated source) and compared it with the intensity of the 
K capture to the ground state as determined in a previous 
experiment.’ Our preliminary results are: K/8* = 300+ 130; 
Wo=2 (mc*); log(W?—1)ft=9+40.15. The logft value indi- 
cates that the positron decay is speeded up by a factor of 10 
compared to the negatron decay.' This fact can be explained in 
terms of the purity of configurations of magic nuclei and the 
favorable configuration of Sb™ (gr2/iiy2) for this type of 
transition (AJ =2, AL =1) 

Supported by the Atomic Energy Commission and The Higgins Fund 
Glaubman and F. R. Metzger, Phys. Rev. 87, 203 (1952 


-. Marshak, Phys. Rev. 61, 431 (1942) 
Gilaubman, to be published in the Phys. Rev 


V10. Radiations from ,Sn'™ (9.7 d and 9.5 m).* S. B 
Burson, J. M. LeBtanc, anp D. W. Martin, 
National Laboratory.—The radiations from sSn™* (9.7 d and 
9.5 m) have been studied using the scintillation coincidence 
Enriched Sn™ 
was irradiated with reactor neutrons and chemically purified 
From the Nal(Tl) pulse-height distribution, the presence of 
with the 9.7-day activity is 
1.98+0.02, 1.41+0.02, 
0.47 +0.01, and 0.344+0.01 


ised for beta-ray detection 


Argonne 


spectrometer and the decay scheme deduced 


seven yamma rays associated 
concluded These have 
1.07 +0.01, 0.99+0.01, 0 81+0.01 
Mev. An 
The alumir 


energies: 


inthracene crystal was 


um absorption curve of the total beta spectrum 
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shows, in addition to a predominant component of about 2.3 
Mev, a weak low-energy branch. Coincidence-absorption 
curves taken with selected gamma rays show this inner 
spectrum itself to be complex. Two components of ~0.4 Mev 
and ~1.3 Mev are so resolved. The foregoing results, together 
with gamma-gamma coincidence measurements, lead to a 
decay scheme for the 9.7-day activity believed to be unique. 
Four excited states in the Sb"* nucleus with energies 1.07, 1.41, 
1.88, and 1.97 Mev are shown to exist. In the 9.5-m activity, a 
weak gamma ray of 1.41 Mev is observed in addition to the 
known 0.326-Mev transition. 


* Work done under auspices of U. S. Atomic Energy Commission. 


V11. Radioactive Decay of Cs'*. H. H. Forster anv J. S. 
Wiccins, University of Southern California.—The beta- and 
gamma-ray spectra of (2.3y) Cs have been investigated with 
a double-thin lens beta-ray spectrometer of 1.5-2.5 percent 
resolution and a Nal scintillation spectrometer with a single- 
channel pulse-height analyzer. The source material was CsCl 
in acid solution obtained from Oak Ridge. An analysis of the 
beta spectrum showed evidence of four beta groups with ap- 
proximate endpoint energies of 87, 220, 405, and 655 kev. 
Gamma lines obtained through internal and external con- 
version had energies of 475, 562, 569, 604, 662, 796, 802, 1036, 
1170, 1368, and 1401 kev. No definite evidence for the 202 kev 
gamma mentioned by Cork' has been observed. Details of the 
spectrum will be presented, and the decay scheme will be 
discussed. 


' Cork, LeBlanc, Nester, Martin, and Brice, Phys. Rev. 90, 444, (1953). 


SATURDAY MORNING AT 9:00 


Caribar Room 


(E. MOnTROLL presiding) 


Theoretical Physics, IV 


VA1. Application of Operator Calculus to Irreversibility. 


U. Fano, NBS small system A interacting with a large 
system 8B experiences 


iently' by Feyr 


irreversible effects, analyzed conven 


man's operator calculus. To describe the state 


of A we consider the Heisenberg representation F(t) =exp (iH?) 
<x F exp(iH1) of operators F acting on A only, and average it 
over the initial state of B($(t) operates on B through H=H4 
+H»+V). An improved version of an earlier' formula is now 
presented 


5 (t))e= Fexpf ‘dt |iLHat+(V)0.J] 


7 i du ag u) 
where operators or left of J act left of F 

und displays the qualitative aspects of the problem. (3 (f))s 
which 


-u) acts 


PDDst+--+}, 


his equation is exact 
varies by infinitesimal transformations expdt 

operate not in succession but interlocked because ia 
it t' —w instead of ¢’ 
first-order differential equation only if this interlocking can be 


The time variations of ((f)), obev a 
discounted in view of short life of autocorrelations and of other 
circumstances 

U. Fano, Phys. Rev. 06, 869 (1954 

VA2. Green’s Function for Heat Conduction-Convection 
Problems with Given Motion of the Boundaries. H. Kurt 
Forster, University of California.—The equation for com- 
bined heat conduction and convection in an incompressible 
fluid contains the explicitly time varying term @(r,t) gradT; 


consider conditions T «0 or gradT =0 along boundaries which 


may move; general methods are hardly developed for such 
problems. We show that a solution, to any desired degree of 
accuracy, may be obtained along these lines: Subdivide ¢ into 
intervals t)t.---t,; let the temperature distribution at & be 
T.(r’) and Gifr,r’, (ti41—t))] the known Green's function for 
the pure heat-conduction problem for the domain at kK. 
Solve the pure conduction problem from 4; to ti4: by @(r) 
= fG;-Tidr'; then Ti.:(r') = O[r' —h(r’)], where A(r) repre- 
sents the fluid displacement (convection) in time (t;4:—&), 
gives an approximation to the temperature distribution at 
tics. Let P,(7,t) be the result of this process applied succes- 
sively to the m intervals, and let the initial temperature be an 
instantaneous unit source, the convergence of P,, as n-> @, to 
the exact Green's function of the heat conduction-convection 
problem is then assured on physical grounds and the boundary 
conditions remain satisfied throughout. This method was 
applied to an actual problem;' a mean for P,; (between the 
two possible paths leading to P;) gave good agreement with 
experiment 


'H. K. Forster, J. Appl. Phys. 25, 1067 (1954 

VA3. Numerical Solution of the Integral Transport Equa- 
tion. Danie. Scuirr, Westinghouse Electric Corporation.—The 
transport equation for particles which interact only with the 
constituents of a relatively dense medium, and not with one 
another, is expressed in the form of an inhomogeneous linear 
integral equation. The unknown function in this equation 
is the directional flux, or in an alternate formulation, the 
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ith generation of directional birth-rate density. There is in 
the general case a quadruple integral over the space, angle, 
and energy variables, the kernel being a product of a cross 
section, an exponential attenuating factor, and a scattering 
function. The equation is made amenable to computation by 
employing discrete variables and replacing the integrals with 
sums over the space lattice, angular divisions, and energy 
groups. All physical processes may be included, the approxi- 
mation being only in the size of the above intervals. With the 
aid of an electronic digital-computer multienergy group, 
multiregion problems have been calculated which include 
capture, fission, elastic, and inelastic scattering of neutrons 
and photoelectric absorption, pair production, and Compton 
scattering of gamma rays. Simple cases have been calculated 
for comparison with analytic solutions of the differential 
integral form of the transport equation, and they yield satis- 
factory results. 


VA4. Asymptotic Spatial Trend of Electron Penetration. 
L. V. Spencer, NBS.—The equation describing electron 
penetration in the continuous slowing-down approximation! 
is reduced to an interlinked system of ordinary differential 
equations by a Fourier transform in the spatial coordinate and 
a Legendre transform in angle. In an approximation suited to 
deep penetration this system reduces further to a partial differ- 
ential equation having the simple but apparently nonseparable 
form of a Schrodinger oscillator equation with time-dependent 
force constant. This equation is in fact separable and has both 
eigenfunction and point solutions. The point solutions are of 
most interest and yield the desired deep penetration spatial 
trend. In the limit of small-energy losses, the point solutions 
express analytically the summation of the series solutions of 
Yang.? The treatment of this schematic equation can be 
generalized to yield a method for solving the more realistic 
linked system of ordinary differential equations. This ap- 
proach supports and complements a theory recently submitted 
by the author to the Physical Review. 


1H. W. Lewis, Phys. Rev. 78, 526 (1950). 
7C. N. Yang, Phys. Rev. 84, 599 (1951). 


VAS. Diffusion Equation of Nucleonic Component of Cosmic 
Rays.* S. Orsert, M.J.7.—A linear integro-differential equa- 
tion of the type: 

ON) weeny +! [K (E,E’) N(B’,x)dE’ +Q(E,x) 
Ox Ae 
is investigated theoretically with particular reference to the 
diffusion of the nucleonic component of high-energy cosmic 
rays in the atmosphere. The kernel function K(E,£’) is chosen 
so as to incorporate the basic features of Fermi’s model of 
multiple production of meson and (possibly) antinucleons. It 
is shown that, using reasonably simplified forms of K(E,E’), 
one can find general analytic solution of the above equation. 
The results obtained are compared with the experimental data 


* This work is supported in part by the joint program of the Office of 
Naval Research and the U. S. Atomic Energy Commission. 


VA6. Exchange in the Thomas-Fermi-Dirac Model.* W. G. 
McMiLian, University of California at Los Angeles and The 
RAND Corporation.—In the statistical model of the atom at 
zero temperature, the maximum local electron-momentum P 
is related to the electrostatic potential V by P?/2m—d\eP/arh 
=¢V+uy, where u is the electron chemical potential. The coeffi- 
cient A is zero for the Thomas-Fermi (TF) case, and unity for 
the Dirac (TF D) modification. March has recently given com- 
pelling arguments for interpreting the zero-pressure TF D atom 
(which has a finite radius) as a constituent of a metallic phase 
rather than of a dilute gas, and has cited the atomic radii of 
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the alkali metals in support. Generally, however, this model 
predicts much too large atomic volumes. The Dirac exchange 
correction is calculated using plane waves, and thus assumes 
that the electrons involved in the exchange come from regions 
of the same density, and therefore same P. Actually, the elec- 
tron density within a normal atom changes markedly over 
(radial) distances comparable to the electron wavelength. 
Near the atomic boundary this has a most pronounced effect 
on P and thus on the predicted normal volume. Assuming the 
exchange correction to be of the Dirac form, but with AP in 
place of P, \ has been determined from Latter’s solutions so 
as to give agreement with experimental atomic volumes. The 
resulting values of u4(=1.29A' ev), then agree semiquantita- 
tively with experimental photoelectric work functions. 


1 R. Latter (to be published). 


VA7. A Variant on the Yang Lee Theory of Condensation. 
M. B. Lewts anp A. J. F. SreGert, Northwestern University. 
The pressure defined in the work of Yang and Lee! is not the 
average pressure in the grand canonical ensemble, but is de- 
find by averaging the latter once more over all volumes smaller 
than the volume of the systems in the grand canonical en- 
semble.? While there is little doubt that these two definitions 
become equivalent in the limit of infinite volume, a rigorous 
proof of this equivalence would have to be based again on 
properties of the canonical partition function such as van 
Hove's theorems.’ We have, therefore, made more rigorous a 
variant of the Yang Lee theory suggested by one of us.* This 
variant replaces the grand canonical ensemble by the pressure 
ensemble and deals only with quantities which can be opera- 
tionally defined even for finite systems. The proof is based 
primarily on some of van Hove's theorems.’ 

'C. N. Yang and T. D. Lee, Phys. Rev. 87, 404 (1952). 

7C. N. Vang, “Special problems of statistical mechanics I" (mimeo 
graphed lecture notes, Seattle, 1952), p. 31. 


+L. van Hove, Physica 15, 951 (1949). 
4A. J. F. Siegert, Phys. Rev. 96, 243 (1954). 


VA8. An Exact New Reformulation of the Many Body 
Problem. J. K. Percus, New York University Institute of 
Mathematical Sciences, anv G. J. Yevicx, Stevens Institute of 
Technology.—In previous work,* we have introduced collective 
coordinates (2 exp(tkx,;)) for the purpose of transforming 
the N-body problem into that of a set of linear harmonic 
oscillators. The justification for this method is that the result- 
ing oscillators appear to be dynamically independent. Up to 
now, the error inherent in the independent-oscillator picture 
eluded us. We here present the exact reformulation of the 
Lagrangian in terms of collective coordinates, utilizing for 
this purpose a set of very simple identities. The general pro- 
cedure is first illustrated with the external potential terms in 
the Lagrangian, in which the concept of dynamical fourier 
coefficient is first introduced. The same procedure is applied 
to the internal potential terms, and now we obtain twofold 
dynamical fourier coefficients, the most significant terms being 
the ‘‘diagonal"’ coefficients which can be expressed by the two- 
particle correlation function of the system. The two-particle 
correlation function is seen to play an important role in the 
dynamical theory, as indicated in previous work on the super- 
fluid, Helium II. Finally, a similar technique is used to recast 
the kinetic-energy term. 


* Detailed papers have been submitted to Phys. Rev. 


VA9. The Exact Classical and Quantum Mechanical Equa- 
tions of Motion for N Particles Using Collective Coordinates. 
G. J. Yevicx, Stevens Institute of Technology, anv J. K. 
Percus, New York University Institute of Mathematical 
Sciences.—First, the exact quantum-mechanical Schrodinger 
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ve coordinates can be obtained ina simple, 


equation in collect: 


nonforced manner by the methods of the preceding abstract 
n the quantum-mechanical kinetic-energy 


ral fashion. 


The only change is 





which is handled 








operator, A gene Specific 
quantum-me hanical terms appear which can be suitably 
eliminated. The statistics are made manifest by the special 
form of the boundary conditions in 7-space Next, the exact 
classi il equations ol motion for the collective coordinates are 


presented. These equations represent a set of N-coupled har- 


t 


11 F 
oscillators 


mom which correspond in various approximations 
to the equations Co sidered previous work. An interesting 
feature in the above is that « ly 2.N collective coordinates are 
required in the exact theory a opposed to the infinite imber 
which one would expect. These higher dependent q:'s (whicl 
we Can express terms of the N independent coordinates 
pia 1 paramo t role in the understanding of finer ph : 
details in the general dynar il theor of N pa le The 
olution of the classical equations of motion has bee tiated 
by mea of the method of variatu { paramete which 
illows one t make a detailed stu { ich pr le 3 the 
transit trot ler to chao 


VAI10. Particle Motion in Nonrelativistic Quantum Theory. 
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VALI. Applications of Topology to General Relativity. ( 
W. Misner,.* rinceton " rsuy We look 1px the set of 
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VA12. Flat Picture of Curved Space. F. J. BeLinrante, 


‘urdue University.—Gupta’s quantization of Einstein's 

gravitational held s ggests simplifyi g nature's laws in system 
flat’ a i satisfving De Donder's coordinate 
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justified, and the question of ‘gauge invariance’’ of Gupta’s 
quantization attention. From S» conventionally 
a polar coordinate system S,(ct,r,6,¢), and find the 
static spherical empty-space solution of Einstein’s equations 
for the metric g,, around the origin in S,. Comparison with 
Schwarzschild's solution shows r =p —m, if p =Schwarzschild’s 
radical variable. Radial distances R= f(g,,)dp for points 
thence, points r<m not corre- 
sponding to real points in space should be omitted from the 
quantum-field theoretically useful flat picture of curved space 
S, on scale (y,,dx"dx’)!: (gy,dx"dx")!. In spacetime this pro- 
tubelike holes as ‘‘worldtubes’’ of particles. (‘‘Swiss- 

model”). Fields surrounding actual particles may 
prevent such holes in the ‘‘flat” picture of space 


deserv es 


obtair 





! 


with p<2m are imaginary; 


vides . 


cheese 


VA13. Defining Invariants of Metric 


KoMAR, Princeton University 


Spaces. ARTHUR 
[he importance of the prob- 
lem of characterizing the metric spaces of General Relativity 
by sets of invariants, as a more precise formulation of Mach’s 
Principle is presented. It is found that two n-dimensional 
spaces are locally applicable if the equating of the sets of all 
fundamental scalars of orders up to n+2 in derivatives of the 
metric, of both spaces, form a consistent set of equations for 
coordinate transformations which are to 
metric to the other 
highly 


space 


the solution of the 


take one from one In this sense these 


scalars form a (in general overdetermined) set of 





invariants which define the 


VAI4. A Formulation of Relativity. 
Institute of Technology.—The twe 
ty; namely, the covariancy of natura! laws and the 

incy ol the 


principle called the pri 


Huseyin YILMAZ, 
principles of special 
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velocity of light are derived from a common 
It is shown that 
the principle are scalars, vectors, 





iciple of superpositio 
the quantities which sati 





rs. and spinors 


ponents arise from the fact that for any 


contravariant com- 
solution of the prin- 
ple there is another solution which is dual to the first. There- 


Covariant and the 


fore, for any description of nature there is a dual description 

Che metric character of physics then follows from the require 
ent that the two descriptions must lead to the same physical 

conclusions. Other interesting aspects are discussed. 


VAIS. A Classical Microphysics. Gerrrupe T. 


MANN Interpretation 


SCHWARZ- 
of wave and corpuscle state as alter- 
ite, equivale it states of the entities of light and matter, of 
particle waves as altert with a direct-current 


lating currents 


component, of their velocities those of the associated particles, 
of spin motion as full-fledged motion is the foundation to a 


classical microphysics. The composite character of revolution, 


sense of revolution always equal to sense of spin, allows of 


For earthial 


motion the spinning corpuscle ring alters ; for mercurial motion 


differentiating earthial from mercurial motion 


it maintains its orientation relative to its radius vector, so 


that its spin component is transformed into a second revolu- 
tional component. Assuming that the cutting of magnetic 
lines of force by the spinning corpuscle ring is prerequisite to 


corpuscle into wave, the electron, mercurially 


iraling towards the nucleus, cannot emit radiation, inter- 
preted as wave phenomenon. Interpolated between mercurial 
spirals and earthial stationary orbits are the earthial transi- 


tion orbits wherein the electron, on transition from an mth 


into an mth orbit spinning 2m times per revolution, is trans- 
formed into the associated electron wave which decomposes at 


the perihelion into the corresponding light wave of frequency 
R.c. (mm? — n*)/n*-m* and electron wave of frequency v,?-m:2/h, 


whereupon both component waves revolve around the nucleus 
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SATURDAY AFTERNOON AT 1:30 


Burgundy Room 


(M. A. Tuve presiding) 


Apparatus of Nuclear Physics, II 


Wi. An Occluded-Gas Ion Source.* LawrRENCE RUBY AND 
James D. Gow, University of California, Berkeley.—An 
occluded-gas-pulsed ion source has been developed which em- 
bodies a method of obtaining large quantities of.ions and elec- 
trons from hydrogenated titanium. The plasma is released 
when a spark is initiated on the surface of the metal. To 
achieve this in vacuum, a capacitor or pulse line is discharged 
across a sandwich of titanium separated by a thin insulator. 
A stack of such metal-insulator elements is used to average out 
individual variations in the sparks. A typical stack is } in 
diameter by 1 in. long. With axial geometry and a 3/32-in. 
source opening, 10 ma at 10 KV has been extracted with an 
aperture electrode and 250 ma, correspondingly, with a grid 
electrode. With radial geometry, ions have been extracted 
using a slot electrode. Pulse lengths have ranged from 10 usec 
to 1 msec at rates as high as 5 pps. H* dominates H,* by a 
factor of 3 in the mass-emission spectrum. The composition 
of the insulators influences the spectrum. Advantages of the 
source are its high output, compact size, high ratio of atomic 
to molecular ions, independence of a magnetic field, and gas 
economy. 


* This work was done under the auspices of the U. S. Atomic Energy 


Commission. 


W2. Triggering a Fast Two-Crystal Compton Scintillation 
Spectrometer with Iodine-Escape X-Rays from the Nal (TI) 
Primary Crystal. P. R. HowLaNnp AND N. E. Scoriexp, U. S. 
Naval Radiological Defense Laboratory.—Using the 133.5 kev! 
line in Ce'—Pr' a peak has been observed in the pulse- 
height spectrum of a Compton scintillation spectrometer which 
corresponds to the usual escape peak observed in single- 
crystal spectrometers but which differs in the mechanism of 
observation in that the escape peak is triggered by escape 
x-rays which leave the primary crystal and are incident on the 
This escape peak for the 133.5-kev line 
By discriminating against the 
secondary crystal pulses up to and including weighted average 


secondary crystal 
has an energy of 98+3 kev 


energy of the escaping iodine K x-rays, it is possible to make 
the escape peak disappear. This method gives a possible means 
of distinguishing photoelectric processes from Compton proc- 
esses at incident energies up to about 200 kev 


Cork, Brice, and Schmid, Phys. Rev. 96, 1295 (1954 

W3. Monte Carlo Calculation of the Response of Nal(T1) 
Scintillation Spectrometers. Martin J. BERGER AND JOHN A 
Doccett, NBS.—Measurements of y rays with Nal(T) 
crystals yield pulse-height distributions related to the true 
energy spectrum by an integral equation whose kernel (re- 
sponse function) is the probability that an incident photon of 
energy E will give rise to a pulse of size E’. We have calcu- 
lated this function for photons with energies from 0.279 to 
4.45 Mev, incident on cylindrical crystals ranging from } in. 
(diameter) X § in. (length) to 5 in. X9 in. Most of the calcula- 
tions pertain to collimated sources, some to incident broad 
beams and point isotropic sources. Compton scattering and 
absorption were treated by the Monte Carlo method. A total 
of 50000 random walks were computed and analyzed on 
the NBS automatic computer. Analytical corrections were 
made for the escape of annihilation radiation and brems- 
strahlung. The shape of the response function is determined in 
first approximation by a characteristic parameter p= (area 


under photopeak)/ (area under entire pulse-height spectrum), 
a smooth function of (crystal length Xdiameter)*. For small 
crystals, our values of p are in good agreement with those 
obtained by Maeder et al.' by an approximate analytical 
calculation. 


' Maeder, Miller, and Wintersteiger, Helv. Phys. Acta, 27, 3 (1954). 


W4. Oxygen Quenching and Wavelength Shifters in Liquid 
Scintillators. C. A. Ziecter, H. H. SeviGer, anp |. Jarre, 
NBS.—We have investigated the effects of oxygen quenching 
and of the addition of a wavelength shifter under more well- 
defined conditions of oxygen removal than reported pre- 
viously.'? Oxygen-free solutions prepared and flame-sealed 
under vacuum were compared with oxygen-saturated solutions 
using the y rays from Cs"7— Ba"? and a Dumont 6292 PMT 
in a reproducible geometry. The integral of the pulse-height 
distribution curve was assumed to be proportional to the light 
output. We have found that the major contribution of the 
wavelength shifter a naphthylphenyloxazole is to compete 
with dissolved oxygen for the energy in the solution, the former 
emitting light and the latter de-exciting by other processes. 
The 23 percent gain in sensitivity to be expected on the basis 
of the shift in the emission spectrum is almost completely 
compensated for by the approximately 83 percent efficiency 
for the energy transfer from solute to shifter. Data with p-ter- 
phenyl, 2,5-diphenyloxazole and a napththylphenyloxazole in 
zylene will be presented. 


! Pringle, Black, Funt, and Sobering, Phys. Rev. 92, 1582 
J. R. Arnold, Science 119, 155 (1954). 


1953) 


WS5. Response of a Sodium-Iodide Spectrometer to High- 
Energy Electrons.* H. W. Kocu, J. M. Wyckorr, ano B 
Petree, NBS.—Monoenergetic from a 50-Mev 
betatron operated between 1 and 20 Mev were used to study 
the performance of a 5 in. by 4 in. and a 5 in. by 9 in. Nal (TI) 
total-absorption spectrometer.' The pulse-height distributions 
produced by bombardment of the central axis of the large 
crystals show very peaked distributions with small tails. The 
energy resolution reaches its optimum value at 10 Mev where 
the total width at half maximum is 4 percent, whereas the 
comparable resolution for 10-Mev x-rays would be 9 percent.' 
This added width to the x-ray pulse-height distribution results 
largely from the escape of one annihilation photon from the 


electrons 


crystal. Synthesis of the x-ray distributions from the electron 


distributions and the linearity of spectrometer response to 


electron energy will be discussed 
* Supported in part by the U. S. Office of Scientific Research of the Air 
" 
| 


Research and Development Command 
'R. S. Foote and H. W. Koch, Rev. Sci. Instr. 25, 746 


1954) 

W6. A Fast Multichannel Coincidence Circuit.* T. H 
Bratp anp R. W. Derenseck,t Princeton University. —For 
delayed coincidence and time of flight experiments, it is ad- 
vantageous to measure the time distribution of coincidences 
in a multichannel device. The condenser discharge principle 
used in the present circuit is due to Rossi and Nereson.' The 
first signal cuts off a diode, allowing a condenser to discharge 
slowly through a resistance. The delayed signal stops the dis- 
charge. The amplitude of the pulse from the CR circuit is 
proportional to the delay time T if CRT. These pulses are 
fed to a twenty-channel pulse-height analyzer, gated by a slow 
conventional coincidence circuit so that single pulses are not 
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recorded. We have used the circuit so adjusted as to be linear 
up to 0.1 microsecond delay and have obtained a resolvir 
This was measured with Na™ ar i 
delayed) and tery 


mR 


time 27 = 3.10°* second 





tion quanta (one side artificially 


crystals as detectors 


* Supported by the U. S. Atomic Energy Commission and the Higgins 
Fund 
1 National Science Foundation Predoctoral Fellow 
Rossi and Nereson, Rev. Sci. Instr. 17, 65 (1946 


W7. A Precision Monitor for Electron Beams.* G. W 








rauTrest AND K. I $ROWN, Stanford University.—Two 
Faraday-cup electron beam monitors have been developed 
which are capable of measuring the absolute integrated beam 
current of the Stanford linear accelerators to an accuracy of 


better than +4 of one percent and +2 percent, respectively. 
The combined energy rarg tegrators is from 1 Mev 
to better than 300 Mev. With the techniques employed, it is 
evident that with only mir size, the useful 


e of these i 


or modifications tn 


range of such beam monitors can be extended to energies 
beyond 1 Bev. Design principles and construction details 
will be discussed. Such monitors have proved to be especially 


inear acceleraters 





valuable in conjunction with the Stanford 


where large peak currents of small cross-sectional area are 


freq rently used 





Ws. A New Multichannel Recording Time-Delay Ana- 
lyzer.* P. G. Koontz, C. W. Jounstone, G. R. KEEPIN, JR., 
np J. D. GaLitaGcuer, Li Laboratory 
\ new time-delay analyzer encompassing a wide, flexible time 


tlam Scientific 


base will be described. The system includes three basic units 
(1) a four-decade gated scaler with pulsed reset (2) a crystal 
controlled interval timer; and (3) a coincidence readout cir 
cuit which duplicates the instantaneous reading of the gated 
scaler at intervals established by pulses from the timer unit 
lime channels of 0.001-, 0.01-, 0.1 l-, and 10-sec width are 
provided; these may be combined either in progressive s¢ 
quence starting with a preselected channel width, or used 
SATURDAY 


AFTERNOON AT 1 
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individually on continuous operation at a single channel 
width. Provision is made for either photographic recording or 
electrical print-out on electrosensitive paper. Data obtained 
with the new analyzer agree with a conventional ten-channel 
time-delay analyzer over the limited range of the latter. A 
simple procedure is available for checking correct operation 
of the system. The development of this analyzer was prompted 
by the need for such an instrument to study the complex 
decay of delayed neutron emitters produced in the fission 
process. However, it was purposely developed as a versatile 
system capable of handling a wide range of problems requiring 
time-delay analysis. 


* Work performed under the auspices of the U. S. Atomic Energy Com- 
mission 


W9. A New Type of Lens for Charged Particles.* Na- 
THANIEL P. CarLteton, Harvard University (introduced by 
O. Oldenberg).—An electrostatic lends for charged particles 
can be made by producing a potential which varies continu- 
ously with the distance along a cylindrical surface coaxial 
with the beam of particles. In particular, when the potential 
varies along the cylinder as the square of the distance from 
some original plane, then the equations of motion for a charged 
particle in the cylinder are easily solvable and the particle 
trajectories found analytically. From the trajectories one sees 
that this potential configuration acts as a positive or negative 
lens which has no aberrations when both object and image are 
in the field and other special conditions are also met. The 
aberrations of this lens when it is used with the object and 
image outside the field have not been calculated, but use of the 
lens to focus low-energy protons indicates that aberrations 
may be smaller than those of conventional focusing fields 
The lens can be perfectly realized by depositing a conducting 
film of variable thickness inside a glass cylinder and passing 
a current through it. In tests, the theory was realized approxi- 
mately by a succession of closely spaced rings, maintained at 
the proper potentials 


supported by the Air Force Cambridge Re 
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Invited Paper 


X1. The Transuranium Elements. A. Guiorso 


University of California, Berkeley. (40 min 


Various Topics in Nuclear Physics 


X2. An Attempt to Detect Neutrinos by the Reaction 


Cl*"(v,e")A".* Raymonp Davis, Jr., Brookhaven National 
Laboratory. —Large lumes of carbon tetrachloride have been 
irradiated adjacent to the Brookhaven reactor in an effort to 


t 
reaction CP’(b,e7)A” is 
neutrinos. The experiments have demonstrated that radio- 
4*? can be removed from 1000-gallon quantities of 
carbon tetrachloride by sweeping with helium gas 


} 


observe the duced by fission-product 


active 
The bac k 
ground amounts of A” induced in carbon tetrachloride by the 

if . 


nucleonic component of cosm« radiation, and fast neutrons 


has heen measured An upper limit to the cross section was 


set of 2X10-® cm* per atom. The background effects pre- 


vented observing lower values of the cross section. The possi 


bility of observing the theoretically calculated cross section 
of 4X 10-“ cm? per atom will be discussed 
e 


* Research carried out under the auspices of the U. S. Atomic Energy 


Commission 


X3. Annihilation Radiation from Positrons Stopping in 
Superconducting Lead. S. M. SHaraotrn anp J. A. Marcus, 
Northwestern University.—Coincident two-quantum annihila 
tion radiation from positrons stopping in lead at 4.2°K was 
observed alternately in a magnetic field of 750 gauss and with 
no field. Thus the lead was alternately in its normal state and 
in its superconducting state. The lead was shown to be super- 
conducting in a separate experiment. In a manner similar to 
Pond's' method we look for differences in the two-quantum 
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coincidence rate which would indicate an enhancement of the 
three quantum radiation when the lead was superconducting 
as was first suggested by Dresden.* The source was Na™ sur- 
rounded by lead disks 0.010 in. thick. It was immersed in 
liquid helium, and then placed between the poles of an electro- 
magnet. Two scinillation counters were connected in coinci- 
dence to a circuit with a resolving time of 210~* sec. The 
counters were placed 180° apart with a source half way be- 
tween them. Solid angles of 10-* and 3(10™‘ steradian were 
employed. No difference in counting rate from superconducting 
to nonsuperconducting was observed to within a statistical 
accuracy of 0.10 percent. 


1T. A. Pond, Phys. Rev 
2M. Dresden, Phys. Rev. 93, 1413 


93, 478 (1954). 
1954). 


X4. Temperature Effects in the 3-Quantum Annihilation of 
Positrons.* R. T. WAGNER AND F. L. HEREFORD, University 
of Virginia.—The ratio of three-quantum to two-quantum 
annihilation of positrons in ice and zinc has been investigated 
in the 4°-300°K temperature range. The positron source 
(Na*™) was — by dissolving sodium chloride in distilled 
water in a 5-ml flask which was then placed at the bottom of a 
Dewar. The ratio of three-photon to two-photon annihilations 
at various fixed low temperatures was then measured using a 
triple coincidence circuit. An approximately linear decrease in 
this ratio is noted with decreasing temperature in the ice 
similar to results in teflon.! Using the same apparatus, this 
ratio was measured by positron annihilations in zinc in which 
the positron emitter (Zn®) was the absorber. Here no tem- 
perature effect is observed. The correlation of these results 
with the data* on positron lifetimes will be discussed. 

s ty go by Office of Ordnance Research 


Graham and A. T. Stewart, Can. J. 
oR E. Bell and R. L. Graham, Phys. Rev. 


Phys. 32, 678 (1954) 
90, 644 (1953). 


X5. Angular Correlation of Two-Quantum Annihilation in 
Condensed Materials.* L. A. Pace, M. Hernpers, O. J. 
WALLACE, AND T. W. Trout, University of Pittsburgh 
Positron annihilation is being studied in apparatus similar to 
that of DeBenedetti et a/.' with the addition of slits to shield 
the gamma detectors from the 5-mC Na®™ source. A narrow 
component has been isolated in fused quartz, comprising about 
20 percent of the total annihilations, with width-at-half- 
maximum no greater than 310~ radian. Other materials 
having the long lifetime component as listed by Bell and 
Graham,* exhibit an angular distribution similar to fused 
quartz, while materials listed as having no long lifetime have, 
by comparison, a structureless distribution. To date, from 
data at room temperature, the former group is fused quartz, 
teflon, polystyrene, polyethylene, paraffin, and lucite; the 
latter group is crystalline quartz, aluminum, magnesium, 
copper, and graphite. Preliminary magnetic quenching ex- 
periments’ increase the amount of narrow component by ap- 
plying a strong field to fused quartz and teflon, but give no 
observable change for crystalline quartz. Quantitative com- 
parison of this effect with expectation based on measured? life- 
times and percentage long-life component will be made 

* Work done in Sarah Mellon Scaife Radiation Laboratory, supported by 
the Office of Ordance Research 

' DeBenedetti, Cowan, Konnecker, 77, 205 
Re E. Bell and R. L. Graham, Phys. Rev 

+ Compare M. Deutsch and E. Dulit, Phys. Rev. 


and Primakoff, Phys. Rev. 


90, 644 (1953) 
84, 601 (1951) 


X6. Internal Pair Creation in Negatron Decay.* J. S. 
GREENBERG AND M. Devutscn, M.I.7.—Using a fairly thin 
and uniform source of P® (about 25 millicuries in one milli- 
gram), it was found that the negatron decay of P® is accom- 
panied by the emission of electron positron pairs with an 
abundance of 0.940.610 per beta decay. This corre- 
sponded in the experiment to an average counting rate of 3.5 
positrons per hour from the source. The fractional contribu- 
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tion to this number by secondary effects in the source material 
could not be determined due to uncertainties in the source 
thickness and composition. However, the results indicate that 
the ratio of positrons emitted to negatron decays is probably 
not greater than 1.5 X10~*, which is of the order of magnitude 
predicted by the theory of Arley and Mdller.' The method of 
detection used was to employ a magnetic field to focus the 
positrons emitted by the source onto a beryllium catcher 
placed longitudinally along the magnetic field. The annihila- 
tion of the positrons in the beryllium catcher was then detected 
by means of the characteristic 180° coincidences of the 0.51- 
Mev gamma rays. Appropriate baffles and shielding were 
used to prevent detection of positrons that were not produced 
in the source. 

* Supported in part by the joint program of the Office of Naval Research 


and the U.S. Atomic Energy Commission. 
1 Arley and Moller, Det. Kgl. Danske Vid. Selskab. 15, 9 (1938). 


X7. Z-Dependence of Bremsstrahlung.* K. L. Brown, W. 
Barser, A. I. Berman,t anp W. D. GeorGce, Stanford 
University.—The relative amounts of bremsstrahlung pro- 
duced by the elements Cu, Ta, Pb, and U for incident electrons 
of energy 24 and 34Mev were measured using the Cu®(y,n)Cu® 
reaction as the photon detector. This reaction has a cross 
section with an effective absorption energy of 17.5 Mev and a 
width at half maximum of 5 Mev so that photons were de- 
tected in a comparatively narrow energy band. The electron 
beam was monitored by a Faraday cup placed immediately 
behind the radiator and detector foils. Corrections were ap- 
plied to account for ionization and radiation losses of the 
electrons and for pair production and Compton losses of the 
photons. The experimentally determined “‘thin-target" brems- 
strahlung cross sections relative to copper were 5.681+0.13, 
6.959+0.16, and 8.221+0.19 per atom for Ta, Pb, and U, 
respectively, at 24 Mev; and 5.583+0.08, 6.770+0.09, and 
8.172+0.12 at 34 Mev. These results are from five to thirteen 
percent lower than the corresponding ratios calculated from 
the Bethe-Heitler theory (including screening and radiation 
produced in collision with atomic electrons). The results are 
consistent with a deviation from theory of (1.44+0.1) x 107*Z? 
percent. 
. * Supported by the joint program of the Office of Naval Research and the 


U. S. Atomic Energy Commission. 
t Now with Pratt-Whitney, Hartford, Connecticut. 


X8. Prediction of Auroral Gamma Rays.* Srirtinc A. 
CouiGate, University of California, Livermore.—The aurora 
has been explained by protons from the sun. The mean depth 
of atmospheric penetration of 110 km predicts a primary pro- 
ton energy of 300 kev. A few aurora have been observed to 
penetrate to 70 km, implying 6-Mev protons. Stérmer's calcu- 
lations would limit such particles to magnetic latitudes much 
closer to the magnetic pole than the observed incidence, 
implying that the proton energy is greater than that derived 
from the range. If the incident proton energy is greater than 
2.6 Mev (the lowest level of N*) the N™ (pp") a reaction 
should give rise to an observable gamma flux. The N" (pp*) a 
cross section has been measured at 7.4 Mev. A measurement 
was made by the author of the gammas from 31-Mev protons 
stopping in air. The Mev gammas per proton stopping in air 
is approximately 10-*£,?, 3<E,<30 Mev. The incident pro- 
ton flux divided by the solid angle to the observer can be 
estimated from the intensity of total light, or from the in- 
tensity of the H, emission as 10’/E, protons/sec per (cm* 
solid angle) at the observer. For 3-Mev incident protons, this 
gives 10° Mev 's/cm*/sec above the earth's atmosphere and 


approximately 10? Mev 7's/cm*/sec at 50 000 feet. 
* This work was performed under the auspices of the U. S. Atomic 

Energy Commission 
1 Fan and Meinel, 
* Bennett and Hulburt, Phys. Rev. 95, 315 


Astrophys. J. 118, 205 (1953) 
1954). 
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X9. Radiation Dosage from Thermonuclear Explosions. M. 
S. Sremnperc, Yale University (introduced by A. Einstein).— 
It is of interest to demonstrate a method for estimating thermo- 
publicly available 
Maru. The world- 
average cumulative dose is given by R,=R,(te)D- (te) Ko (to) 
x SD(U)K,{t)dt, where the dosage rate Rit) due to fallout is 
proportional to the gross decay factor D(t) and 
utter K(t) in the 
It is assumed that the measured shipboard fallout was char- 
acteristic of 


nuclear explosion radiation dosage using 


data from the Japanese ship, Fukuryu 


to the surface 
density of fallen m effective area of exposure. 


the general fallout. Subscripts ¢ and s refer to 


X AND XA 


earth and ship respectively, and the integration extends over 
the genetically significant exposure time; K,(¢) is assumed to 
increase linearly during fallout and thence to remain constant 
at Ky while D(t) is assumed of the form t-”. The rate of fallout 
is determined from Stokes’ Law; K.» is obtained from the 
excavated matter estimate of Martin: R, (16 days) has been 
measured by Nishiwaki; and K, (16 days) and p are estimated 
from Kyoto University studies on the shipboard fallout. For 
the spring, 1954 explosions we find R,~5 roentgens, excluding 


effects of fallout ingestion. 
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XAl. Two Quantum Transitions in the Microwave Zeeman 








Spectrum of Atomic Oxygen. V. W. HuGueEs anp J. S. GEIGER 
Yale University The three extra line swerved by Rawson 
and Be ‘ the microwave spectr f ground state *P 
ite oxygen have been identified as ari g trom two quan- 
tum tra tions between Zeema levels with the selectic rule 
1M » Each of the three lines is observed at the mea 
frequen of the two corres g U +1 tra ' to 
within the experimental accuracy of a few pp The line width 
of the two quantum tra tions 1s approx mately one half that 
of the normal tr tions, and the line tensity ries more 
rapidly with rf power, both in agreement with the theor 
One extra two intum line is predicted for the *P, Zeemar 
spectrun wever, tl | would be weak and also w 
cur ire of a line the *P, Zeeman spect 
This line ha t bee byse ed. M pie quant itra tions 
have bee pre ] eported 1 the electric adrupole 

hotreque pectr f RbF a the Zeeman spectrum 
f Og and K The th { h tra t s has bee t 

Raw He x R 88, 6 § 

: Hug ‘ ‘ k 79 ‘ 50); 82, S61 (1951 

k I K 93 ‘ 

; ghe : R 79 +1) H 
Salwe 


XA2. Microwave Spectrum of the Ozone Molecule.* E. K 
. . ad 














Gora, Promdence ( The frequencies and intensities of 
191 al pt i ozone ! wave domai be- 
twee O and 11 « have beer ilculated. All the lines have 
bee taxt rat ror wi h a measurable co 
tribut tor w at pt to be expected This has 
made it nece to extend the ilculat S trans 
betwet evel D il qua ! ibers as high 
S50. For the ilcul the tr t ‘ cies stand 

ird methods ha et emy ed, | I tne it yt 
the intensities a plified computational procedure has beer 
developed. The mathematical methods for the intens , 
lations described by previous uuthors become ve " 
some for transitions between levels of high rotat al qua 
tum numbers, but the simplifed « tat il p has 
made it comparatively easy to dete e all the line 
intensities. The s branch st t the spect s ce 
scribed detail 

*s sorted by the U. S. Air I et K eA I Camt ge 
Resear Center 

XA3. Centrifugal Distortion Effects in Ozone.* Lovts 
Prerc E, Harvard University The microwave spectrum? of 


ozone has been reanalyzed to include the effect of centrifugal 


distortion. Using the energy expression given by 


and Wilson,’ it 


Kivelson 
was possible to fit eighteen lines of the rota- 
tional spectrum to within a mean deviation of +1.5 Mc. 
[he rotational constants determined in this manner are 
1 =106 534.45 Mc, B=13 349.10 Mc, C=11 834.14 Mc. The 
four distortion constants obtained in this analysis predicted 
vibrational frequencies which were of the right order of mag- 
nitude. The relation of to the vibrational 
spectrum will be discussed in terms of the theory developed by 


Kivelson and Wilson.* 


these constants 












he Office of Naval Research 

J. Chem. Phys. 21, 959 (1953 

hosh, Bur and Gordy, J. Chem. Phys. 21, 851 (1953 
E. B. W . Jr., J. Chem 20, 1575 (1952) 
E. B. Wilson, Jr., J. Chem. Phys. 21, 1229 (1953) 


XA4. Microwave Spectra of Indium Chloride and Bromide.* 
\. H. Barrett anp M. MANnvet, Columbia University.—The 
pure rotational spectra of indium monochloride and indium 
monobromide have been observed using a high-temperature 
spectrometer.' Internuclear distances and vibration-rotation 
nteraction constants determined are 








Molecule re(A ae(Mc/sex 

nec 2.4012 +0.0001 15.3440.15 
Ir 2.5408 +0.0001 5.706 +-0.025 
In 5.605 +0.018 


and Br™® are 9/2, 3/2 


Since the nuclear spins of In"5, CP4* . 
and 3/2, respectively, the spectra are complicated by hyper- 
fine structure resulting from the interaction of each electric 
quadrupole moment with the molecular field 
In™*CPs yielded values of 


and 





rhe spectrum of 
-655+6 Mc for the In"* coupling 
24+2 Mc for the Cl*5 coupling constant. The 
quadrupole structure was not sufficiently resolved to allow a 


constant 


"SUITS IT 


terms of ionic character and bond hybrid- 
ization of these molecules will be discussed. 





he Office of Naval Re- 
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XAS. Theory of the Fine Structure of the Microwave 
Spectrum of NO,.* Cuun C. Lint Harvard University.—The 
theory of hyperfine structure of NO; first proposed by McAfee! 
has been re-examined and revised to include the case where the 
spin-rotation interaction and the dipole-dipole coupling are of 
the same order of magnitude. This theory satisfactorily ac- 
counts for the frequency of the ten lines observed by Bird.? 
Some small deviations, however, do exist. The origin of these 
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discrepancies is not clear; they are probably due to second 
order effects of the magnetic interactions. The predicted in- 
tensities of the ten lines also agree with observation within 
the experimental accuracy. The magnetic coupling constants 
obtained from this investigation are rather bizarre and may 
furnish interesting information about the electronic structure 
of NO,. The theory of the Zeeman effect is also being studied 
and compared with experiment. 
* Supported in part by the Office of Naval Research. 


t duPont Company Predoctoral Fellow. 
1K. McAfee, Jr., Phys. Rev. 78, 340(A) (1950); 
(1951) 


GR. Bird, Bull. Am. Phys. Soc. 30, 21 (1955), abstract H6. 


Phys. Rev. 82, 971 


XA6. Internal Motion in Methyl Amine.* D. Kivetson, 
M.I.T., anv D. R. Lupe, Jr., N.B.S.-—The microwave 
spectrum!? of methyl amine exhibits hindered internal rota- 
tion of the NH; group with respect to the CH; group, as well 
as inversion doubling arising from the fact that there are two 
equally likely orientations of one NH bond with respect to the 
other. An approximate theory has been worked out for these 
two internal motions and their mutual interaction. By a suit- 
able choice of variable the kinetic energies can be completely 
separated; the potential energy can be reduced to a term 
accounting for inversion, a term accounting for hindered 
internal rotation, and an interaction term. If the latter is 
neglected the two internal motions can be treated inde- 
pendently except for their interrelated dependence upon the 
periodic boundary conditions. The interaction term can be 
treated by a Van Vleck transformation. This theory is applied 
to methyl amine. 


* This work was supported in part by the Signal Corps; the Office of 


Scientific Research, Air Research and Development Command; and the 
Office of Naval Research. 

1D. R. Lide, Jr., J. Chem. Phys. 20, 1812 (1952); 21, 571 (1953). 

3 Shimoda, Nishikawa, and Itah, J. Chem. Phys. 22, 1456 (1954); J. Phys. 
Soc. Japan 9, 974 (1954). 

XA7. Molecular-Beam Microwave-Absorption Spectro- 
scope.* M. PETER AND M. W. P. SrranpBerG, M.J.T.—A 


microwave absorption spectroscope has been developed, whose 
absorption-line half-power—half-width is determined by the 
average time that the molecules under observation are exposed 
to the microwave field. This is an improvement over the simi- 
lar previous device by Strandberg and Dreicer,! in which the 
Stark modulation frequency limited the resolution. In both 
devices the Doppler broadening, which limits the resolution 
of the usual microwave spectroscopes, is eliminated. An im- 
provement by a factor of twelve is now obtained over such 
usual systems, and a half-power—half-width of 3 kc has been 
observed. To use such resolution it has been necessary to de- 
velop a stabilization circuit which maintains the phase of a 
K-band klystron to within a few degrees of the phase of some 
harmonic of a very stable quartz oscillator. The resolution of 
the present system is therefore limited only by geometry and 
may thereby be improved by use of longer average observa- 
tion times, i.e., use of longer molecular beams. 


* This work was supported in part by the Signal Corps; the Office of 


Scientific Research, Air Research and Development Command; and the 
Office of Naval Research 
'M. W. P. Strandberg and H. Dreicer, Phys. Rev. 94, 1393 (1954). 


XA8. Excited Torsional States in Asymmetric Hindered 
Rotors.* P. R. Swan anp M. W. P. Srranpperc, M.I.T.— 
The J =0-1 transition of methyl alcohol is being investigated. 
Because of internal torsion in this type of molecule the transi- 
tion is split into a series of doublets, each doublet correspond- 
ing to a particular internal torsion state. A preliminary model 
used was that of a rigid symmetric top attached at an arbi- 
trary angle to a rigid asymmetric frame and allowed to rotate 
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about its symmetry axis under the influence of a threefold 
cosine potential barrier. The resulting Hamiltonian was 
found to be incapable of predicting the torsional splitting 
when applied to the methyl-alcohol molecule. A semiempirical 
combination of Kivelson's' formula for the corresponding 
transition in a symmetric hindered rotor with matrix elements 
from this methyl-alcohol Hamiltonian was found to give a 
close fit to the observed spectrum. An additional feature of the 
methyl-alcohol spectrum is the large fourth-order Stark effect 
of one of the lines of the J =0-—+1 series. The Hamiltonian 
necessary to describe these rotation-torsion interaction effects 
will be discussed. 

* This work was supported in part by the Signal Corps; the Office of 
omg Research, Air Research and Development Command; and the 

Naval Research. 

1D. Kivelson, J. Chem. Phys. 22, 1733 (1954). 

XA9. Electronic Contribution to Effective Nuclear Masses 
in Molecules.* M. W. P. SrRANDBERG, M.J.T.—The problem 
of the interaction of molecular rotational and electronic 
states has been extensively investigated in the past.'~* Quite 
briefly stated, it has been demonstrated that the molecular 
electrons contribute to the molecular moment of inertia tensor 
an amount which is directly and simply related to the molecu- 
lar magnetic moment tensor. Examples of this correction have 
been made with the experimental results on several molecules, 
and the measured corrections to the principal moments of 
inertia arising from the molecular electrons have been dis- 
cussed. The authors of a recent paper® reporting the deuterium- 
tritium mass:ratio evaluated from microwave measurements 
attempted a discussion of this correction without apparently 
realizing that it is a matter which may be reduced to measure- 
ment. The electronic correction to spectroscopic mass ratio 
measurements will be discussed in terms of past work. 


* This work was supported in part by the Signal Corps; the Office of 


Scientific Research, Air Research and Development Command; and the 
Office of Naval Research. 
'H. B. G. Casimir, Rotation of a Rigid Body in Quantum Mechanics 


(J. B. Wolters’, The Hague, 1931), Vol. 3. 
* Gokhale, Johnson, and Strandberg, Phys. Rev. 83, 881 (1951). 


4H. R. Johnson and M. W. P. Strandberg, J. Chem. Phys. 20, 687 
(1952). 
4B. 2 Burke and M. W. P. Strandberg, Phys. Rev. 90, 303 (1953) 


'M. P. Strandberg, Microwave Spectroscopy (Methuen and Company, 
Ltd. 4, 1954), Chap. VII. 

¢ B. Rosenblum and A. H. Nethercot, Jr., Phys. Rev. 97, 84 (1955). 

XA10. “Average” Internuclear Separations Arising in the 
Study of Molecular Band-Systems.* R. W. NiIcHoLLs AND 
W. R. Jarmain, University of Western Ontario.—The concept 
of an “average” internuclear separation or “r-centroid” 
fees associated with the radiation of the (v’-+v’’) molecular 
band will be discussed. Methods of computation of arrays of 
Peres will be described. The properties of the r-centroid, and 
its application to the interpretation of band intensities will 
be reviewed. 


* This research is assisted by the Air Force Cambridge Research Center. 


XAI1. The Vibrational Spectrum of Tetrabromoethylene.* 
D. E. MANN, JANET HAWKINS MEaL,t AND Earve K. PLYLER, 
National Bureau of Standards.—The infrared spectrum of 
C.Br, has been observed and measured in the range from 3 
to 100 microns, These data, together with the older Roman 
spectra and a new force constant analysis, have enabled an 
essentially complete and satisfactory vibrational assignment 
to be achieved for the first time. In particular, the values of 
the angular fundamentals in the bis, bay, and bs, species have 
been established. The vibrational assignments for C.F, 
C.Ck, and C.Br, are now fully concordant. 


* This work was supported in part by the Office of Naval Research 
¢t National Research Council—National Bureau of Standards Post- 
doctoral Research Associate. 


Invited Paper 
XA12. Temperature-Measurement from Molecular Band Spectra (Nonequilibrium). H. P. Brorpa, 


National Bureau of Standards. (30 min.) 
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Yl. Intradomain Magneti: Saturation for Iron. WARREN E. 
Henry, LU. S. Naval Research Laboratory.—Studies have been 
made of the magnetization of polycrystalline, 99.9 percent 
iron (Westinghouse) as a function of magnetic field for tem- 
peratures between 1.5°K and 300°K, in magnetic fields up to 
60000 gauss. For a given temperature, the magnetization 
rises with nearly constant slope with field until a certain field 
(about 8000 gauss for a sphere) is reached, which depends on 
the shape of the sample. The slope then goes quickly to zero 
and remains zero for fields up to 60 000 gauss. In the helium 
range (1.5°K —4.2°K), the saturation magnetization remains 
constant to within experimental error (0.2 percent). No ap- 
zero field. A ballistic, 
moving sample method! for measuring the magnetization was 
Analysis of the data is made in terms of departures from 


preciable remanence is observed in 


used 
the quantum mechanical “7! Bloch law” (applicable over part 
of the range) and from the Weiss molecular field relation; 
empirical relations are put forth to correlate the data. Com- 


parison is made between our data and previous work? done in 


more limited ranges of temperature and magnetic field 
W. E. Henry, Phys. Rev. 88, 559 (1952). 
*M. Fallot, Ann. phys. 10, 291 (1938 


Y2. Thermodynamic Properties of Chrome Alum.* L. D 
JENNINGS AND MELvin A. Heruin,t M.J.7.—A new method 
was applied to the measurement of the thermodynamic proper- 
ties of potassium chromium alum in the region of temperatures 
reached by adiabatic demagnetization. The method requires 
the measurement of 


adiabatic magnetization curves which 


approach an asymptotic value at large fields characteristic of 
the analogous ideal paramagnetic gas at the same entropy 
The entropy of the actual salt is then given as that of the ideal 
salt which has the same large field magnetization. The tem- 
perature of the salt is given by a method, previously described,’ 
which makes use of the deviation of the behavior of the actual 
salt from that of the ideal. Each adiabat is identified by 7°, 
the magnetic temperature at that entropy. We find good 
other workers for T(7*), but less satisfactory 
S(T*) in the region T* =0.1 to T* =0.2. This 
discrepancy is attributed to a failure of the usual computa- 
tion of entropy near 1°K, to our need to extrapolate our results 


it high magnetic fields, 


agreement with 


agreement tor 


or to an actual difference among 


samples 


* This work was supporte art by the 


Signal Corps; the Office of 





Scientific Research 1 and Development Command; and the 
Office of Naval Resear 

t Now at Lincoln Laboratory, M.1.T 

M. A. Herlin, Proc. Intern. Conf. Low Temp. Physics (Oxford, 195i), 


Y3. An Ultra-Low-Level Voltage Detector Using Bismuth 
and Superconductors. Jutius Basiskin, Research 
Laboratory.—-A low-frequency amplifier 
which should be capable of detecting 10-" volt in low-im- 
pedance circuits at low temperatures is under development 
\ single layer of bismuth wire is wound between two op- 


Naval 
direct-current or 


positely-wound layers (~0.1 microheary) of superconducting 
lead 


magnetic 


wire. A superconducting lead shield eliminates stray 
felds. Current 
winding caused changes in the concentrated magnet 
over the 


eliminate bismuth calibration problems, the magnetoresistance 


changes the superconducting 


held 
magnetoresistance. To 


bismuth activating its 


minimum was chosen at a sacrifice in sensitivity as the balance 





Cryogenics 


point affording an absolute null point independent of the 
cyclical reproducibility, temperature, and thermal emf's of 
bismuth. For preliminary measurements on a prototype 
detector, the smallest detectable current change was 10~* amp 
at the magnetoresistance minimum. Obvious design improve- 
ments should increase the detection limit considerably. Com- 
pared with a superconducting galvanometer,' the detector is 
simple, rugged, compact, and independent of vibration. This 
detector allows impedance matching between low-impedance 
voltage sources (e.g. temperature or magnetic field sensitive) 
in the superconducting circuit and measuring instruments at 
room temperature in the bismuth circuit. 


B. Pippard and C. T. Pullan, Proc. Cambridge Phil. Soc. 48, 188 


1A 
1952 


Y4. On the Superconductivity of Hafnium. R. A. Hern, 
Naval Research Laboratory, and The Catholic University of 
America.—The magnetic susceptibility and the electrical 
resistance of a hafnium rod' have been observed between 
0.06°K and 4.22°K. The susceptibility measurements failed 
to reveal any evidence of superconductivity as previously 
reported.*? The electrical resistance, which was constant in the 
liquid-helium range, started to decrease at 0.20+0.02°K and 
was still falling at the lowest temperature attained [(R0.06°K/ 
R0.20°K) =0.6]. Since this effect was sensitive to small mag- 
netic fields, a quasi-critical field curve was obtained. Suscep- 
tibility measurements made subsequent to a high-vacuum 
anneal again failed to indicate any superconductivity; how- 
ever, the resistance of the annealed specimen did show an 
ibrupt decrease at 0.15+0.03°K. This is in disagreement with 
the results of other workers.* The sensitivity of the magnetic 
measurements was such that if 10 percent of the hafnium had 
gone superconducting it would have been readily detectable. 


Supplied by the Materials Section, Wright Air Development Center, 
Dayton, Ohio, and had a stated purity of 98.92 percent 


*N. Kurti and F. Simon, Proc. Roy. Soc. (London), A151, 610 (1935 
*T. S. Smith and J. G. Daunt, Phys. Rev. 88, 1172 (1952). 
YS. Superconductivity of Tin Whiskers.* O. S. Luvgs, 


NBS and University of Maryland, anv E. MAxwe.i,t NBS.— 
The superconducting resistance transitions of several tin 
whiskers' have been observed in the liquid-helium tempera- 
ture range. The results are compared with those for larger 
wires and significant differences are found. In particular the 
transitions in a transverse magnetic field are discontinuous at 
temperatures substantially lower than the zero-field transition 
temperature. This result differs from that for larger wires, 
which show intermediate resistance at these temperatures 

* This research was supported by the Office of Scientific Research of the 
Air Research and Development Command 

t Permanent address: Lincoln Laboratory, Massachusetts Institute of 
Technology, Cambridge, Massachusetts 


' Compton, Mendizza, and Arnold, Corrosion 7, 327 
1E. R. Andrew, Proc. Roy. Soc. (London) A194, 80 





(1951). 
1948 


Y6. Displacement of the Superconducting Critical Field by 
Pressure.* N. L. Muencut anv H. E. Rorscuacn, JRr., The 
Rice Institute —An ice-bomb technique’ (water is frozen in a 
constant-volume cell) has been used to obtain pressures of 
1900 atmospheres to study the shift in the critical field of 
several superconductors. Data have been obtained at suffi- 
ciently low temperatures to determine the temperature de- 
pendence of (8H./aP)r. For tin, one obtains (dH./dP)r 
= (dH./aP)r.[0.6+0.4(T/T.)*]. This value is such that the 
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geometry* of the transition curve is preserved: (Ho/T.)p 
= (He/T.) poo. Ho is the value of the critical field H, at T=0. 
The shift of Ho with pressure and the shift resulting from a 
change in isotopic mass can be used to calculate the dependence 
of Hy on the lattice parameters and on the Debye @p. The 
result indicates that Ho is an order of magnitude more sensi- 
tive to fractional changes in lattice dimensions (@p constant) 
than to fractional changes in @p (lattice dimensions constant), 
i.e., (@H»o/d log V)@p~10(dH.e/ a log@p) vy. 

* Supported in part by the National Science Foundation. 

t Magnolia Petroleum Company Fellow in Physics. 


1 B. Lazarev and L. Kan, J. Phys. (USSR) 14, 439 (1944), 
? E. Maxwell, Phys. Rev. 86, 239 (1952). 


Y7. Surface Energies in Superconductors. H. W. Lewis, 
Bell Telephone Laboratories.—It is well known that the London 
phenomenological theory of superconductivity fails to account 
for the existence of a positive surface energy at the boundary 
between a normal and a superconducting region of a material. 
Modifications due to Landau and Ginsburg, and to Bardeen, 
make it possible to understand the positive surface energy as a 
specifically quantum-mechanical effect. However, these modi- 
fications change the London equations to a pair of coupled 
nonlinear differential equations, and only numerical solutions 
exist. A variational procedure for evaluating the surface 
energy within this framework will be discussed, and numerical 
results will be presented. These are relevant to the recent 
experiments of Schawlow. The possible existence of a gap in 
the electronic energy spectrum, and its effect on the predicted 
surface energy at low temperatures will be discussed, as well 
as the effect of a short electronic mean free path. 


Y8. A New Method for Measuring the Absolute Viscosity 
of Liquid Helium II.* Henry H. Ko_m anp MeELvIn A. 
HER.IN,t M.I.T.—A new type of static viscometer for use in 
liquid helium II was developed ; its inner cylinder is suspended 
within a rigidly fixed, coaxial outer cylinder by a servo- 
mechanically controlled magnetic bearing of the type used 
by Beams and others! in vacuum ultracentrifuges. The inner 
cylinder is accelerated electromagnetically; the absolute vis- 
cosity of the medium is determined from the deceleration 
observed when it is permitted to coast freely. Bearing friction 
is negligible, and there is no inherent lower limit to the speed 
of this measurement. Reproducible viscosity values were 
obtained in gaseous helium, but 1/7.S-damping from thermo- 
mechanical flow induced by eddy current heating in the rotor 
was observed in liquid helium II. This effect was reduced 
considerably by elaborate precautions for isolating the ap- 
paratus from ground vibrations; further improvement would 
require more favorable location of the apparatus. At higher 
speeds, the anomalous behavior reported elsewhere*® was again 
observed, which eliminates the attempted “‘mutual friction” 
explanation. The absolute viscosity increased discontinuously 
to a higher value as the speed increased. 

* This work was supported in part by the Signal Corps; the Office of 
Scientific Research, Air Research and Development Command; and the 
Office of Naval Research. 

t Now at Lincoln Laboratory, Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 

! Beams, Ross, and Dillon, Rev. Sci. Instr. 22, 77 (1951). 


2A. C. Hollis-Hallet, Proc. Roy. Soc. (London) A210, 404 (1952) and 
Proc. Cambridge Phil. Soc. 49, 717 (1953) 


Y9. Ultrasonic Measurements in Magnetically-Cooled 
Liquid Helium.* C. E. Cuaset anp Mervin A. HERLIN,t 
M.I.T.—Measurements were made of the velocity and at- 
tenuation of ordinary (first) sound in liquid helium between 
0.1°K and 1°K, at 12.1 Mc/sec. These temperatures were 
produced by adiabatic demagnetization of ferric ammonium 
alum from a starting temperature near 0.9°K, produced by a 
large oil diffusion pump. Since helium was admitted by an 
arrangement of concentric thin-walled stainless-steel cones 
(originated by Dr. J. Ashmead, Mond Laboratory), the de- 
magnetization chamber could be isolated or placed in direct 
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communication with the bath. Warmup times approximating 
one hour were obtained. The velocity remains essentially 
constant below 1°K at 240+5 m/sec. Although the inherent 
difficulty of a fixed path length makes it less accurate than the 
earlier 239+2 m/sec found above 0 85°K,' the value shows 
that no gross changes occur. The attenuation passes through 
two clearly resolved maxima slightly below 1°K, falls smoothly 
toward zero as absolute zero is approached. This agrees quali- 
tatively with Khalatnikov’s theory** which explains the 
anomalously high absorption of helium II in terms of two 
relaxation times. 

* This work was supported in in part by the Signal Corps; the Office of 
Scientific Research, Air Research and Development Command; and the 
Office of Naval Research. 

+t Now at Lincoln Laboratory, Massachusetts Institute of Technology, 
Cambridge, Massachusetts. 

'C, E, Chase, Proc. Roy. Soc. (London) A220, 116 (1953). 


1. M. Khalatnikov, J.E.T.P. (U.S.S.R.) 20, 243 (1950), 
+1, M. Khalatnikov, J.E.T.P. (U.S.S.R.) 23, 8 (1952). 


Y10. The Amplitude Dependence of the Velocity of Second 
Sound.* ALEXANDER J]. DessLeR AND WILLIAM M. FAIRBANK, 
Duke University.—When second-order terms are considered 
in the theory of liquid helium II, Temperley' and Khalat- 
nikov? have shown that the velocity of second sound is ampli- 
tude dependent and can be written in the form C, = Cyo+r2?, 
where Cy is the velocity of second sound at zero amplitude, 
v, is the velocity of the normal fluid and r; is a function of the 
temperature. Osborne’ has qualitatively verified this equation 
by observing the shape of the shock wave in second sound 
pulses of large amplitude. We have measured 1; as a function 
of temperature ; 2, was varied by superimposing a small marker 
pulse on top of a large carrier pulse of duration long compared 
with the length of the marker pulse. The time of flight of the 
marker pulse was measured as a function of the amplitude of 
the carrier pulse. Measurements of 7; have been made from 
21°K to 14°K. The experimental results will be compared 
with the theories. 
nance Research, U. S 3 

1H. N. V. Temperley, Proc. Phys. Soc. (London) A64, 105 (1951). 


tI. M. Khalatnikov, Doklady Acad. Nauk. U.S.S.R. 79, 237 (1951) 
*D. V. Osborne, Proc. Phys. Soc. (London) A64, 114 (1951) 


* This project has been supported by contracts with the Office of Ord- 
Army 


Yil. Kinetic Theory of Liquid Helium I]: Heat Transfer.* 
C. A. Reynoips, University of Connecticut.—A simple hydro- 
dynamical treatment of two oppositely flowing, noninteracting 
fluids cannot be the proper method of handling heat transfer in 
helium II because of the microscopic interactions which must 
take place and which assure thermodynamic equilibrium or 
near thermodynamic equilibrium. Instead a phenomenological 
kinetic theory approach is used here. It is assumed that some 
of the atoms are in the condensed state and the others are 
“normally excited," following the ideas of the Bose-Einstein 
condensation. It is further assumed that the energy transfer 
may be broken up into two types—transfer of energy from 
atom to atom and transfer by motion of an atom with its 
associated energy. The former corresponds to a solid or 
phonon type of transfer and is not treated here. From a con- 
sideration of the latter type of transfer one can understand: 
the decrease in ‘“‘conductivity”’ as the temperature is lowered ; 
the existence of a maximum in the ‘‘conductivity’’—tempera- 
ture relationship; the shift in the maximum to higher tempera- 
tures as the slit width is reduced; the decrease in the heat 
“conductivity” as the slit width is reduced; and the ‘‘critical 
velocity.” 


* Supported in part by the Research Corporation, the National Science 
Foundation, and the Office of Naval Research. 


Y12. Heat Transfer in Fine Channels of Helium I1.* 
Haroip Forstat anp Cuaries A. Revnowps, University of 
Connecticut.—An apparatus has been constructed for the 
measurement of heat transfer by liquid helium II in fine chan- 
nels in packed rouge. It consists of a glass bulb containing a 
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heater and thermometer. Above this is a length of packed have been measured at 3.786°, 2.991°, 2.161°, 1.818°, and 
yuge ; above this a glass-metal seal for the purpose of assuring 1.515°K (‘“‘agreed” scale). Using the inverse volume virial 
1al contact with the bath; and above this a glass viewing expansion we obtain for the second virial coefficient, B, the 
section. The bulb and rouge region are surrounded bya vacuum respective values —65.4, —86.3, —117.9, —142.3, and —169.5 
jacket. Helium is condensed into this system from a supply cc/mole. Only for the isotherms at the two highest tempera- 

















, 

outside of the Dewar. The temperature below the rouge is tures is it necessary to include a quadratic term in the an- 

measured by the thermometer in the bulb and the temperature alytical expression in order to give a good fit to the experi- 

ibove the rouge is measured by a thermometer placed inside mental points. Discussions based on the properties of the 

of the metal seal. After heat is supplied one waits until the isotherms will be presented on: the relation of the measured 

level in the viewing region comes to rest, assuring zero net B's to the recently ca‘culated values?; the density of the 

mass transfer, and the ytes the temperatures. The results saturated vapor as a function of temperature; and corrections 

will be compared with other data on heat transfer' and with _ to the “agreed” temperature scale below 4°K. 

theory.” . 
* Work done under the auspices of the U.S. Atomic Energy Commission 

* Supported in part by the Research Corporation, the National Science iW. E. Keller, Phys. Rev 1955). 
Foundatior i the Office of Naval Resear ? Kilpatrick, Keller, Hammel, Phys. Rev. 97, 9 (1955 





on and P, KR. Zilsel, Phys. Rev. 74, 1148 (1948); C. A. Reynolds, 

eceding abstract, Bull. Am. Phys. Soc. 30, No. 3, 69 (1955 Y15. Theorem on the Many-Body Quantum Ground State. 
. P. J. Price, J. B. M. Watson Laboratory.—Let WVo(r:,-+-tw) 

Y13. The Slope of the 4 Curve of Liquid Helium.* K. R be the wave function of the ground state for a large number, N, 








ATKINS, U/niversityof Pennsyloania.Landau's theory of liquid __ of interacting particles (helium atoms, for example). We may 
helium has been developed to give an approximate valueforthe construct a wave function for N—1 particles proportional to 
lope of the d curve terms of the quantities (p/4)(d4/0f S ¢*(t:)¥ed't;. Then the condition that the energy expecta- 
pif Ipo/ Of 4) \ Op; OF From the experimental tion be not less than the energy of the ground state for N—1 
the coefhcient of expa and the pressure variatior particles gives an inequality for each function ¢(r). If @ is 
f the velocities of first | second sound, the following numer chosen proportional to exp(sk-r), we find 

al lues are derived for these quantitic (P/ 3) (04/0f Arb? /2 wk) Zh ( 
0.57. (b/t »./A +0.26. and (p/u)(du/ap) = —1.8 2m +2w(k) Zh, 1) 
Che negative slope of the \ curve can then be explained and where h is the enthalpy per particle (partial enthalpy, for one 
ba le pre tha ‘ # about percent species of several) and w(k) is defined in terms of the reduced 
* Work : \ P density matrices and may be interpreted (for zero external 


field) as the expectation of potential energy of a particle 
Y14. PV Isotherms of He’ Gas between 1.5 and 3.8°K. when its momentum is hk. Averaging (1) over the probabilities 


Wittiam E. Keier m ni Laboratory of different momenta gives the result that the total interaction 
With the same apparat sed recently to determine the equa potential energy cannot exceed PV. Consequences of these 
t { state of Het, PV isothern { 99.75 percent He’® gas results will be discussed 
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YA1. Radiations from Ce’ (33 hr).* D. W. Martin, J. M coincidence distribution above 1 Mev. Thus, the 1.38-Mev 





Cork, anv S. B. Burson, Argonne National Laboratory beta rav feeds the 58-kev level, and any ground-state beta . 
Che radiations from Ce’ (33 hr) have been studied with the transition is of low intensity 
% t mm } e spectro ‘ 1 wit magneti ’ 
. “ . wit - * Work done under auspices of U. S. Atomic Energy Commission 
photograph pectrograph I ed Ce'®™ wa radiated 
with ¢ tor trons. Gamma ravs f 10+0.01, 0.861 : ) 7 > 
Hm ee gy se gee yan Lass, YA2. The Excited States of Ce™.* C. H. Pruett, H. H : 
000 tv) 440 OO 0) 665 +0) 0) ) H5 +O Uh) i) 93 > . y 
: ° ‘Ae eV 909 3 >» 493 SoLoTIN, P. L. RoGGENKAMP, AND R. G. WILKtnson, Indiana 


+-0.002 0.351+0.00 0.294 +0.00 0.232+0.001 nd “— : 
: = , veh I, ' Umiversity.—Scintillation and magnetic beta ray spectrometry 


0.057 0.0002 Mevw are found to decay with the 33-hr period 
‘4 lev are found —— the QO-nF perio have been applied to the study of the more important levels 





n the Nal i pulse-height dists ‘ tion. Conversion lines are of Ce. Coincidence experiments verify that successive levels 
seen for all but the 1.10- and 0.57-Mev tra eens Gamma ire at 1.60, 2.09, 2.42, and 2.53 Mev above the ground state 
gamma and beta-g yeere comneidence data define the deca and correspond to gamma rays of energies 1.60, 0 815. 0.490 
scheme with considerable certainty. The Pr'® nucleus is 9 438 and 0.328 Mev. The relative intensities of the gamma 
shown to have excited states at 0.0574, 0.232 wr 0.493 rays are found to be 2.50. 1.15. 1.25. 0.15. and 1.00, respec- 
aides “ . Ao a He ne nay i , fe a eo ¥ a ba tively The energies and re lative intensities of two high energy 
height distribut aa i m an anthracene crystal is aes lidiaers transitions have been determined by means of a scintillation 
with the principal gamma components. In addition to the pair spectrometer. Values of 2 $0 +0.05 and 3.00+0.20 Mev 
known strong components at 1.38, 1.09, and 0.71 Mev, two ire obtained with corresponding intensities of one percent and 
distinct weak components at ~0.5 and ~0.3 Mev are ob 0.04 percent of the 1.60 Mev gamma ray. The beta-ray meas- 


served, coincident with radiations from the 0.918- and 1.16 urements substantiate the relative intensities and end-point 
Mev levels respectively. The pulse distribution coincident energies of the beta-ray groups which have been reported by 


with the 57-kev gamma ray is indistinguishable from the non others. In addition, it has been possible to estimate the internal 











SESSION 


conversion coefficients and K/L ratios. The angular correlation 
of four cascade pairs of the above gamma rays has been 
studied. The results obtained, together with the beta ray and 
internal conversion data, are most consistent with the assign- 
ment 0+, 2+, 4+, 3+ for the ground state and first three 
excited states. The assignment 0+, 2+, 4+, 4+ cannot be 
definitely excluded. 

* Supported by the join program of the Office of Naval Research and the 
U. S. Atomic Energy Commission 


YA3. The Radioactive Decay of Yb'™.* J. P. Mize, M. E. 
BUNKER, AND J. W. StaRNER, Los Alamos Scientific Labora- 
tory.—The radiations from 4.2 day Yb'’* have been investi- 
gated and a decay scheme with spin and parity assignments 
proposed. Radioactive sources were obtained by irradiating 
normal ytterbium oxide with thermal neutrons. Examination 
of the beta spectrum with a magnetic lens spectrometer and a 
8—y coincidence scintillation spectrometer revealed the 
existence of three beta groups with end points 468, 355, and 
72 kev and relative intensities ~(90:4:6), respectively. 
Scintillation spectrometer studies showed that gamma transi- 
tions of 113, 137, 145, 251, 283, and 396 kev occur. The decay 
scheme was established with the help of coincidence measure- 
ments. The multipolarities of the various gamma rays were 
determined from measured values of K/L ratios, L subshell 
conversion ratios, and K conversion coefficients. The levels in 
Lu'’§ excited by the decay of Yb'"* have the following energies: 
113.6+0.2 kev, 251.0+0.3 kev, and 396.6+0.3 kev. The 
possibility that the 113.6 kev and 251.0 kev levels are the first 
and second rotational levels, respectively, of Lu'”® predicted 
by the strong coupling approximation of the Bohr-Mottelson 
theory’ will be discussed 

* Work done under the auspices of the U. S. Atomic Energy Commission. 


‘A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. Selsk., Mat 
ys. Medd. 27, No. 16 (1953 


YA4. $— + Angular Anisotropy in Re'**.* F. T. Porter, M. 
S. FrEEDMAN, T. B. Novey, AND F. WAGNER, JR., Argonne 
National Laboratory.—The 8 — + directional correlation between 
the beta group leading to the first excited state in Os'** and 
the ensuing 137-kev gamma ray has been measured as a func- 
tion of 8 energy from 200 to 900 kev. The anisotropy is con- 
sistent with the form W(@)=1+A (Eg) cos. The coefficient 
A(Es) increases with 8 energy to a maximum ™0.16 for ener- 
gies near the end point. The integrated value of A (200-900 
kev) is 0.11+0.02. The existence of this 8 —y anisotropy sup- 
ports the nonallowed nonunique shape of the 8 transition, 
AI =1, yes, (see following abstract) and makes necessary a 
correction to the coincidence 8 spectrum as observed in a 
magnetic spectrometer. For the Argonne double lens with 3 

geometry for the gamma detector behind the 

and with 8 acceptance between half 
angles 13° and 33°, the correction has the form' Observed 
Spectrum/[1+0.4A (Eg) True Spectrum 


percent 


source cones of 


* Based on work performed under the auspices of the U. S. Atomic Energy 
Commission 
Roland F. Herbst (private « 


ymmunication 


YAS. Nonunique First Forbidden Beta Transitions in Re'**.* 
M. S. FreepmMan, F. T. Porter, T. B. Novey, anp F 
WAGNER, JR., Argonne National Laboratory.—The main 
inner beta group (E» =936 kev) in Re'** has been observed, in 
the Argonne double-lens spectrometer, in coincidence with the 
137-kev gamma, to deviate from the statistical shape. The 
effect on the spectrum due to the beta-gamma angular ani- 
sotropy (see preceding abstract) has been computed, and with 
an appropriate subtraction the ground state beta (E,)=1073 
kev) has been likewise found to deviate from the statistical 
shape, both distributions consistent with AJ =1, yes transi- 
tions. An analysis of the spectral shapes and values for the 
fitting parameters will be presented 


* Based on work performed under the auspices of the U.S. Atomic Energy 
Com mission. 
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YA6. Radiations from Platinum (197).* V. R. Pornts,t 
C. E. MANDEVILLE, AND Joun S. Burtew,{ Bartol Research 
Foundation.—The radiations of Pt’ have been examined 
with coincident spectrometers of Nal—Tl1 and anthracene. 
Gamma rays have been detected at 77, 191, and 279 kev, the 
unconverted quantum radiations having relative intensities 
of 30, 3.9, and 1.0. Coincidence measurements revealed the 
presence of three beta spectra of maximum energies 670, 479, 
and 468 kev, terminating at levels in Au™ at 77, 268, and 279 
kev which are also excited? in the decay of Hg’ and by 
coulomb excitation. These beta spectra have intensities in 
order of decreasing end-point energy of 90.6, 8.4, and 1.0 per- 
cent. These estimates are based upon the observed gamma-ray 
intensities and upon previously determined conversion coeffi- 
cients, experimental"? and theoretical.‘ In the same order, 
values of logft are 6.4, 6.88, and 7.8. 

* Assisted by the joint program of the Office of Naval Research and the 
U. S. Atomic Energy Commission 

t Permanent address, Gwalior (M.B.), India. 

3? The Franklin Institute 

' Huber, Humbel, Schneider, de Shalit, and Zuentj, Helv 
127 (1951) 

2]. W. Mihelich and A. de Shalit, Phys. Rev. 91, 78 (1953) 

*N. P. Heydenburg and G. M. Temmer, Phys. Rev. 93, 906 (1954). 

* Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 79 (1951). 


Phys. Acta 24, 


YA7. Angular Correlation Measurements in Hg'*’.* Horace 
H. CopurRN aND SHERMAN FRANKEL, University of Pennsyl- 
vania.—The results of measurements of the varioiis angular 
correlations in the 165 kev ~134 kev cascade in H¢é"’ will be 
discussed. The experimental values of Az, corrected for geom- 
etry, are HgNO;(K —y) 0.11; Hg(K —y) 0.11; HgNO,(L —y) 
0.12; Hg(L—y) 0.10; HgS(L —y) 0.09; HeO(NH,)NO,(L—y) 
0.10; HgO(L—y) 0.08; HgCo;(L—y) 0.11; HgNOs(M—y) 
0.11; Hg( M—y) 0.11; HgNO,(L+M—RK) 0.19. Those data 
are accurate to +0.02 and indicate that the various correla 
tions are insensitive to chemical environment. The theoretical 
(K —+) correlation is 0.221, so that there is appreciable wipe- 
out. The “hard core” value is 0.044, so that the insensitivity 
cannot be due to complete saturation of the correlation by 
static external fields. The HgNO;(L+M—L) correlation was 
measured as a function of delay using a resolving time to =0.5r 
where r =8 KX 10~* sec is the intermediate state half-life. Meas- 
urements at delays 6=—0.2r, 0, 0.67, and 1.2r gave the 
(uncorrected) results 0.21, 0.19, 0.19, 0.18(+0.02). Since the 
correlation does not fall off rapidly with delay, we conclude 
that the wipeout effects result from the excitation of the Hg 
atom following K, L, or M conversion, that the resulting 
perturbations are short lived (~ <10~* sec) and that the wipe- 
out is not due to the fields of neighboring stoms 


* This work supported in part by the U. S. Office of Ordnance Research 


YA8. The Excited States of Hg'*’.* Hersert H. Botorin 
AND Rocer G. WILkinson, Indiana University.—Scintillation 
coincidence counting techniques have been applied to the 
study of the cascade gamma rays which occur in the decay of 
the 45 min Hg™ isomer. The K conversion coefficient for the 
0.159 Mev radiation is found to be 0.34+40.03 in agreement 
with an £2 transition and with previous work.' ax for the 
0.368 Mev radiation is found to be 0.98 4+-0.04 and a value of 
1.78+0.10 is obtained for the total conversion coefficient of 
this transition. The measured ax for the higher energy transi- 
tion differs by a factor of four from the value expected for an 
M4 transition. Angular correlation measurements of the 
gamma rays yield a negative anisotropy of — 14.548 percent 
instead of a positive 37 percent which would arise from a pure 
2*-24 cascade. The conclusion is that the 0.368 Mev transition 
is a mixture of M4 and ES radiation. A mixing ratio of ES/M4 
of 30+20 percent is suggested. A half-life of 4241 minutes was 
obtained for the decay. 

* Supported by the joint program of the Office of Naval Research and 
and the U. 5S. Atomic Energy Commission 


‘A complete list of authors appears in Hollander, Perlman 
Revs. Modern Phys. 25, 469 (1953). 


and Seaborg, 





672 


YA9. Photoproduction of Pb®’". W. L. Benner, M. E. 
Toms, aNnD R. A. Towstn, Naval Research Laboratory.—An 
0.8-second uctivity has been observed by bombardment of 
lead with bremsstrahlung from the Naval Research Labora- 
tory 22-Mev betatron. Data were 
the apparatus. This activity is attributed to the reaction 
Pb™ (7,n)Pb™"*. The pulse-height distribution observed with 
a scintillation counter is consistent with this assignment. The 
half-life was measured as 799+13 milliseconds. The apparent 
threshold is at approximately 10.2 Mev. The absence of any 
observable 10.2 Mev that the 
Pb*®’ (y,7') Pb®’* reaction is negligible and also that this state 
capture in Pb™*. 
The difference between this apparent threshold and the energy 


obtained by cycling 


activity below indicates 


is not measurably produced by neutron 
differential of 9.0 Mev (neutron binding energy plus energy of 
the metastable state) may be due to the spin change required 
(0 to 13/2) to reach this state 


YA10. Metastable States in Re'™, 
Pb*™*.*t Vera KisTIAKOWSKY FISCHER, ; 
fornia Radiation Laboratory and Columbia University.—Ac- 
tivities produced in W, Ir, Pt, Au, and Tl targets by bombard- 
ment with 31.5-Mev protons were studied with s intillatior 
A grey-wedge pulse he ight ar 
used for determination of 


Ir'*', Au'**, Pb™', and 


Unwersity of Calt- 


and proportional counters 


alyzer was gamma-ray energies 
Excitation function studies were the basis for making assign- 


The Au®™ 


and their observed 


ments. Decay schemes will be proposed 7.4 se 
and the 30 sec Au” were also seen 
properties and excitation functions were 


used as a check on 


the interpretation of the other results 
As 
sign 
ment {-iife Gamma ra 
0.88, (0.51),0.11 Me 
K x-rays 
0.14 Mev, 


0.26 Mev 


0.65 Me 


Ph 60.1 
7 0.86 Mev, 


Py 6.7 


YAI1. Internal Conversion Coefficients of Tl™’ (parent, 
Hg*™"). R. K. Doerner anp A. H. Weper,* Satnt Lout 


University A method fi i rnal co coefficient 


version 
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measurement is described utilizing an electron scintillation 
pulse-height spectrometer and consisting essentially in the 
measurement of the number of coincidences within the an- 
thracene crystal between conversion electrons and the elec- 
trons from the continuous beta spectrum. This number di- 
vided by the number of noncoincident events yields the total 
conversion coefficient. For T™ (parent, Hg™) the conversion 
coefficient so measured is 0.11. When compared to 0.164 (by 
direct comparison of area under conversion and beta-spectrum 
curves) and 0.16 (from the ratio of K plus L x-rays to 280 kev 
gamma rays) this value, although low is sufficiently close to 
make the method feasible. The weighted mean value of the 
coefficients measured by the three indicated methods is 
ax =0.147+0.002 and az =0.045+0.001; giving K:L =3.29. 
It is thus tentatively assumed that the 280 kev gamma ray 
is about 75 percent E2 plus 25 percent M1. According to the 
shell model the first excited state of TI™ is a dj,, state. The 
large amount of mixing should increase considerably the 
ratio E2/M1 compared to single particle estimates. 


* Supported in initial phases of the work by the U. S. Atomic Energy 


Commission 
YA12. Alpha-Gamma Directional Correlation in Am™*™'.* 
T. B. Novey, Argonne National Laboratory.—Previous 
studies? of the alpha-60 Mev gamma directional correlation 
in liquid film sources of Am™ have been continued. It is 
found that the attenuation due to electron quadrupole inter- 
action in the liquid can be varied by the presence of ions of 
varying complexing strength and concentration. The results 
of a series of measurements involving ions of increasing com- 
plexing strength are as follows: 

Anisotropy 

Solutions CW (180 W (90°) ]/W (90°) 

HCIOg —0.17 +0.03 
HCl —0.19 +0.04 
HCl 0.12 +0.03 
HsSO4 0.11 40.03 
HNOs 0.07 +0.03 
acetic acid +0.03 +0.03 
HC104+1N citric acid —0.02 +0.04 
HC1IO4g+1N versene —0.04 +0.03 


22 2zZ2222 


These measurements were made with a resolving time, 2r, of 
0.15 with shorter resolving 
times and varying delay times give an extrapolated anisotropy 
at zero delay of —0.22. 


microseconds. Measurements 


* Work done under the auspices of the U. S. Atomic Energy Commission 
T. B. Novey, Phys. Rev. 96, 547 (1954 
? Raboy, Novey, and Krohn, Bull. Am 
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Z1. Pion Pair Production by Photons.* R. M. FriepMan, 
K. M. Crow Hans Morz,t if 


view of the a large pair production of pions in 


AND Stanford University.—In 

mmalously 

nucleor icleon collisions and the considerable interest in the 

interpretation of peir-production processes, we 

attempts to observe pion pairs from 500- to 600-Mev brems 
hud 


strahlung or roge 


report our 


The method consists of looking for r 


trahlung on liquid hydrogen; » 


mesons prod roed by bremas 


mesons are ¢ ted by delaved coincidences' resulting from the 


decay in flight of the e~ meson. By subtracting the target- 
empty signal, we obtain a H: count which we hope to 


as r~'s by observing: (1) proper deflection (~30°) i 


identify 


nha mag- 


netic field; (2) proper half-life for « decay into electrons; and 
(3) disappearance below kinematic threshold. To date the 
signal we obtain does not fully meet these requirements so that 
our results are to be interpreted as upper limits. The ratio of 
x” to r* at 55 Mev, 75° lab angle, with 590-Mev 
bremsstrahlung, is less than 3.7+0.4 percent. The results of a 
number of runs will be given and evidence concerning a lower 


mesons 


limit will be presented 


the Office of 
om mission 
+ Now at the Engineering Laboratory, 
Crowe, Friedman, and Motz, Ball. Am. Phys. So 
abstract L3 


* Supported by Naval Research and the U. S. Atomic 
Energy 
Oxford University 


29, No. 8, 20 (1954), 
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Z2. «x~/x* Ratios in Photoproduction.* Hans Morz,t K. 
M. Crowe, AND R. M. FrIepMAN, Stanford University.—We 
have observed variations of —/+ photopion production ratios 
for asymmetric nuclei which seem to be correlated with the 
difference in binding energy of the ground state of the residual 
nuclei for the negative and the positive production. For 280- 
Mev bremsstrahlung, a plot of the —/+ ratiovs AM=Mzira 
—Mz_.4 gives a straight line for all elements measured, 
confirming the results of Littauer and Walker.’ (In the event 
no stable isobar exists, the sum of the masses of the reaction 
products is used.) We have also measured — /+ ratios for Be, 
Li, and C, as well as Ca and Pb for various primary electron 
energies. At high energies (500 Mev) the —/+ ratio seems to 
tend toward the neutron-proton ratio within the experimental 
errors. Our results are consistent with the measured excitation 
functions (linear over a reasonably wide range) and the 
calculated threshold variations due to binding energy. 

* Supported by the Office of Naval Research and the U.S. Atomic Energy 
Commission. 


t Now at the Engineering Laboratory, Oxford University. 
1R. M. Littauer and D. Walker, Phys. Rev. 86, 838 (1952). 


Z3. x* Photoproduction in Carbon.* K. M. Crowe, R. M. 
FRIEDMAN, AND Hans Morz,t Stanford University.—By 
varying the energy of the Stanford linear electron accelerator, 
we have measured the yields of positive photopions of 60+10 
Mev energy at 75° lab angle for 250- to 600-Mev brems- 
strahlung. Our resolution and monitoring are checked with 
pions from hydrogen. The “efficiency”’ per proton, ¢=oc/6en, 
is a slowly-varying function of the primary electron energy 
which approaches 0.95 at 500 Mev. A large fraction (~4) of 
the yield is obtained from photons of energy larger than 350 
Mev. This corresponds to leaving the residual nucleus excita- 
tion energy of 100-300 Mev. Similar results are obtained for 
40+10-Mev x*’s and 100+10-Mev r*’s. Various interpreta- 
tions of this effect are considered and will be discussed qualita- 
tively: (a) internal momentum distribution of the protons in 
the nucleus,! (b) variation of the production matrix element 
for free nucleons with angle and energy, (c) surface production 
and absorption effects, (d) coherent production, (e) density of 
final states in the residual nucleus for large excitation energies, 
and (f) form-factor effects. 

* Supported by the Office of Naval Research and the U. S. Atomic Energy 
Commission. 


t Now at the Engineering Laboratory, Oxford University. 
1M. Lax and H. Feshbach, Phys. Rev. 81, 189 (1951) 


Z4. Positive Pion Scattering by Hydrogen at 300 Mev.* 
R. S. MaroGuuies, Brookhaven National Laboratory.—The 
Brookhaven six-foot diffusion chamber has been used at the 
Cosmotron to study elastic scattering of #* mesons on hydro- 
gen at 300 Mev. Assuming a total cross section of 75 mb,' the 
115 events so far analyzed have c. m. angular distribution 
da /dQ =2.27 +2.40 cos6+11.1 cos” mb/sterad. The Fermi- 
type phase shifts, assuming only S- and P-waves are found to 
be a3 = —12°, a3; = —10°, a3; = 126°. This experimental distri- 
bution strongly favors the theoretically predicted ‘track I” 
solution of de Hoffman, et al? 

* Work performed under the auspices of the U. S. Atomic Energy Com- 
mission 


:S. J. Lindenbaum and L. C. L. Yuan 
*de Hoffman, Metropolis, Alei, and Bethe, Phys. Rev 


private communication). 


95, 1586 (1954). 

ZS. Scattering of 22-Mev Positive Pions on Protons.* 
S. Wuetstone and D. Stork, University of California, 
Berkeley.—A beam of positive pions was passed through a 34- 
inch thickness of liquid hydrogen contained in a polyethylene- 
lined styrofoam target. The pions entered the hydrogen with a 
mean energy of 25.040.5 Mev, and traversed the target 
parallel to the face of a stack of G. 5 nuclear emulsions, 6 
inches long and 14 inches high, placed 1 inch from the beam 
edge. Tracks of scattered pions, identified at the end of their 
range in the emulsion by the characteristic decay-at-rest, can 
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be followed back to the front surface of the stack, where 
measurements of the entrance angles can be made. It is 
possible to determine the scattering angle and energy for each 
event. We can therefore distinguish hydrogen events from 
elastic carbon scatters occurring in the 0.004-inch polyethylene 
liner. The pion beam was obtained by selecting pions produced 
at 0° in the reaction p+p->xr* +d, using quadrupole magnets 
to “strong-focus” the electrostatically-deflected 340-Mev 
proton beam of the Berkeley synchrocyclotron. Advantage 
was taken of the double-focusing properties of a wedge-shaped 
analyzing magnet. Fourteen scatters from hydrogen estab- 
lished to date yield a preliminary cross section of 3 mb for 
scattering in the interval 45°-135° in the laboratory. 


* This work was done under the auspices of the U. S. Atomic Energy 
Commission. 


Z6. Scattering of Negative Pions Near 15 Mev in Hydro- 
gen.* M. C. Rrnenwart, K. C. RoGers, anp L, M, LeperMAN, 
Columbia University. —The Nevis hydrogen-filled diffusion 
cloud chamber was employed in a search for low-energy 
negative pion scatterings of protons. The incident flux had a 
mean energy of 15 Mev, with a half-width of about 7 Mev. 
Significant contributions to the flux extended from 2.5 to 30 
Mev. Twenty-six interactions were observed satisfying angular 
criteria based on length of recoil protons. The distribution of 
events in angle and energy was analyzed by the method of 
maximum likelihood. In this analysis, the Coulomb and 
p-wave contributions are treated as known and all of the data 
are used to determine the best s-wave phase shift, assumed to 
vary linearly over the energy interval. The result is as+2a; 
= (0.25+0.05)» in radians. If this result is combined with 
a; —a; obtained from the Panofsky effect via detailed balance, 
the quantity a:+2a; is positive. If, however, the charge ex- 
change scattering results of Tinlot and Roberts and Spry are 
used, a;+2ay is negative, in agreement with p; mesic x-ray 
results. The latter choice yields a; = +0.179, a; = —0.109 in 
agreement with Orear’s suggestion. 

_* Supported by the joint program of the Office of Nava! Research and the 


U. S. Atomic Energy Commission. 
' Stearns, Stearns, De Benedetti, and Leipuner, Phys. Rev. 97, 240 (1955). 


Z7. Pion-Proton Total Cross Sections Near 4 Bev.* K. C. 
Banpret, H. A. Bostick, B. J. Mover, R. W. WALLACE, AND 
N. F. Wikner, University of California, Berkeley.—Measure- 
ments are in progress of the total cross section subtended by 
protons and other nuclei for collision with pions of energies in 
the region of 4 Bev. When the Berkeley bevatron is operating 
at 10" protons per pulse a negative pion beam of 4.4-Bev 
energy is available at 50 feet from the target with an intensity 
of about 0.4 pion per cm* per pulse. These conditions are 
typical of the energy-selected positive and negative pion beams 
in use. The muon contamination in these beams is at present 
estimated to be in the neighborhood of four percent, though 
further work on this point remains to be done. At the time of 
writing of this abstract, the r~-proton cross section measured 
at 4.4 Bev is 3045 millibarns, and by the time of presentation 
of this work the limits of error should be reduced, and cross- 
section values for other nuclei are expected to be available. 
Measurements are made with a geometry which is calculated 
with respect to the Coulomb scattering of the mesons, and also 
with regard to the elastically scattered and secondary charged 
particles which might be detected in the final counter telescope. 


* This work was performed under the auspices of the U. S. Atomic Energy 
Commission 


Z8. Pion-Proton Elastic-Scattering Cross Sections at 43 
Mev and 37°. S. W. Barnes, D. Miter, J. Rina, G. 
GIACOMELLI, R. Summers, anp H. R. Cutips, University of 
Rochester.—The differential r-p scattering cross section of 
43+3 Mev pions has been measured at a laboratory scattering 


+10° 


angle of 374 7° The pions were scattered in a liquid hydro- 
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gen target, detected by 


crystals 


and 
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a doubles telescope of two annular 


dentified by the pulse heights yielded by the 
The gee 


second annular crystal metry of the detec ting te le- 
scope Was that p scattered from the walls of the 
hydrogen target were not counted. On the basis of the 200 
pions of each sign scattered to date the x~ and x* cross sections 

the center-of-mass system are, respectively, 0.54+0.08 
mi /ste d and 0.27 +0.04 mb/sterad. The uncertainttes giver 
are mean ce based « € counting statistics toth the 
ro sections e apor mate twice the value predic ted by 
the recent Be e-de Hofiman set of phase shifts 
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ZA3. A Generalization of Feynman’s Integral Over-All- 
Paths Formulation of Quantum Mechanics. Y. TAKANO AND 
]. L. ANDERSON, University of Ma Schwinger’s action 


principle’ is applicable only to those problems where the kinetic 

















energy is pure quadratic in the velocities. It is not at all 
n lent how | tort can be extended to deal with kinetic- 
energy terms of the form 4$¢;G"%q; where G’ may depend 
explicitly the yordinates. Feynman's formulation,’ to 
whic Schwinger’s action principle can be shown to be 
equivalent, does appear to lend itself to a natural generaliza- 
tion for Lagrangians of the type considered. The arguments 
which led to this modification were based upon the results of an 
exan it f the effect of chang iw Var bles in the original 
Feynman formulat As was to be expected, it was found 
eces to include the Ja in of the transformation in the 
ransformed integral. For a nonlinear transformation a pure- 
atic ener” t goes ove to the f rm co sidered above, 

d the Jacobian is , g where g is the deter: int of G?, We 
propose therefore t clude such a te e ge neral state- 
nent of Fe, in's Postulate 

*s ted by Office of Naval Resear 

is ger, Phys. Rev. 82, 914 (1951 

x. fa an, Revs. Mode Phys. 20, 36 1948 


ZA4. Functional Integration and S-Matrix Theory. James 
L. ANDERSON, Usiversity of Maryland.*—Ordering 
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for practical application. In this paper it will be shown that, by 
introducing the concepts employed in functional integration, 
it is possible to convert these differential operators to integral 
form. When this is done, it is not surprising to find that the 
expressions obtained thereby are equivalent to Feynman's 
integral-over-all-paths formulation of quantum mechanics.’ 
However, the expressions derived via S-matrix theory provide 
a simple rule for defining the normalization constant in 
Feynman's Theory. Also, these expressions allow one to 
express Feynman's integral in several alternate forms which 
might prove more convenient for actual calculation. 
* Work supported by Office of Naval Research. 


tJ. L. Anderson, Phys. Rev. 94, 703 (1954 
?R. P. Feynman, Revs. Modern Phys. 20, 367 (1948). 


ZAS. Spectrum of a Bethe-Salpeter Equation.* FRepERICK 
L.. ScarF, M.J.T.—The spectrum of Wick’s two-body equa- 
tion! is investigated rigorously for arbitrary binding energy e. 
It is verified that for « nonzero this singular equation has a 
complete point spectrum labeled by n, 1, m, and k. The limit of 
zero ¢ is investigated, and it is shown that all eigenvalues tend 
to zero. This contradicts Wick's results which are shown to be 
based on an unreliable approximation. It is found that the set 
of eigenvalues \,,(k =0) give the best fit to the Balmer formula. 
The Bethe-Salpeter amplitudes on a space-like surface are also 
investigated. It is demonstrated that all amplitudes obey 
every known boundary condition at any e. It is also shown that 
the amplitudes are all well behaved and all are fairly good 
approximations to the hydrogen-atom wave functions in the 
N.R. region, but that those with k =0 give the best fit. While 
the solutions with k =0 seem to correspond to nonrelativistic 
been found to reject the 


ones, no rigorous criterion has 


“spurious” solutions. 


* Assisted in part by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission 
G. C. Wick, Phys. Rev. 96, 1124 (1954 





ZA6. Space Inversion and Charge Conjugation for Fermion 
Fields.* B. P. NiGamM anp L. L. Fotpy, Case Institute of 
Technology.—While the space-inversion transformation of a 
fermion field is fixed only to within an arbitrary phase factor, 
the space-inversion and charge-conjugation transformations 
commute only for a particular choice of this phase modulo x 
Since situations exist (e.g. positronium) in which both trans- 
formations are diagonal, it would appear (paradoxically) that 
these would fix the phase. This point has been examined by 
constructing explicit representations of these transformations, 
with an arbitrary phase factor associated with each, in a form 
independent of an expansion of the fields in a set of ortho- 
normal found to be 
proportional to sin(6Q), where @ is the space-inversion phase 
and Q the total-charge operator. Since charge conjugation can 
be diagonal only for states where Q =0, the commutator thus 
vanishes for such states independently of the value of 6, thus 
resolving the apparent paradox. These special explicit repre- 
sentations of the transformations may be of value for other 
calculations 


functions. The commutator has been 


* Supported by the National Science Foundation and the U. S. Atomik 


Energy Commission 

ZA7. Re-examination of the Neutrino Theory of Light. 
O. W. GREENBERG* AND A. S. WIGHTMAN, Princeton Uni- 
versity.—Pryce's' formal argument that the requirements of 
relativistic invariance and Bose commutation rules are mutu- 
ally inconsistent is not complete, in that he did not consider 
the most general bilinear neutrino (and 
antineutrino) creation and annihilation operators. His argu- 
ment has been extended to cover this case. The essential 
difference between the three-dimensional theory (which 
does not work) and the one-dimensional theory (which does) 
can be understood from the following schematic argument 


combination of 
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The creation operator ¢;* for the right circularly polarized 
photon of lowest momentum for a given direction contains the 
typical terms ay? *ay'~®, dy *DyY, and ayt?*),F)*, where 
a;‘*" is the annihilation operator for a right (left) circularly 
polarized neutrino of momentum j, and 6 is the corresponding 
operator for an antineutrino. Note that in these operators 
angular momentum conservation requires adjoint for right cir- 
cular polarization and no adjoint for left. This implies that the 
lowest two-photon state vanishes: (¢:*)*bp « ¢,%ay't? "dy FY "by 
x (ay'*)*dy'*9*)%b, = 0, where , is the vacuum state. This 
contradicts Bose statistics. In the one-dimensional case, there 
is no polarization, c,* no longer commutes with a,*),*, and the 
two-photon state doesn't vanish. 


* National Science Foundation Predoctoral Fellow 
'M. H. L. Pryce, Proc. Roy. Soc. (London) 165A, 247 


1938), 

ZA8. On Covariant Calculations of Polarization in Nucleon- 
Nucleon Scattering. Burton D. Friep, The Ramo-Wooldridge 
Corporation.—aAs is well known, the polarization calculated 
from nonrelativistic, quantum mechanics using conventional, 
spin-dependent potentials, vanishes in lowest-order Born ap- 
proximation (unless, as in the recent optical model calculations 
of polarization in nucleon-nucleus scattering, a complex po- 
tential is assumed). In higher orders it is possible to obtain a 
nonzero result if there are intermediate states whose energy 
coincides with that of the initial state, for these give rise to an 
imaginary component in the effective potential. The situation 
is quite similar in the relativistic case. In fact, if the interaction 
between nucleons arises from a quantized meson field, then it 
is possible to demonstrate that, to all orders of perturbation 
theory, contributions to polarization come entirely from ‘‘dis- 
placed poles" in the Feynman-Dyson-Wick formalism. Since 
only the imaginary component of the potential is needed, the 
polarization is considerably easier to compute, to a given 
order, than is the total cross section. (At an appropriate stage 
of the calculation, (x ~#e)~! can be replaced by rié(x), which 
reduces by one the number of integrations over Feynman 
parameters.) Calculations of the n-p and p-p polarization are 
being carried out using ps—ps meson theory. 


ZA9. Canonical Transformations of the Pseudo-vector Field. 
M. Ertsner, Texas A. & M. College.—A series of canonical 
transformations are employed to reduce the pseudo-vector 
Hamiltonian with 
nucleons to a form which allows splitting of the field into 
longitudinal and transverse parts. Although the interaction 
term contains more complicated operators than in the original 


pseudo-vector and tensor coupling to 


representation, this offers no difficulty in the strong coupling 
treatment of nuclear forces, self energy, and isobar energy 
problems. Agreement is obtained with the results of Riden- 
berg' for strong coupling for pseudo-vector and tensor coupling 
alone. A simplification of the general interaction operator is 


discussed in terms of dichotomic variables implying extra 


degrees of freedom 


'K. Ridenberg, Helv. Phys. Acta 24, 89 (1951). 

ZA10. Approximately Relativistic Equations. M. Ki.erer* 
and R. D. Harcner, New York University.—A modified Breit 
equation for two particles, with anomalous moments, has been 
examined. The Foldy-Wouthuysen method is used for reduc 
tion to a Pauli form. A previously used procedure of replacing 
the spin operator « by wo, where uw is the actual magnetic 
moment in units of Bohr (or nuclear) magnetons, is shown to 
be inconsistent with the modified equation. The limits of 
applicability of the previous procedure, in transforming to the 
actual magnetic moment, is discussed as a function of the mass 
This phenomenological treatment yields good results when 
applied to the fine structure and hyperfine structure of 
hydrogen. Effects due to the finite mass and magnetic moment 
of the proton are directly reduced from the two-body equation 
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An examination is made of certain terms usually neglected in 
applications of the normal Breit equation. Difficulties arising 
from application of an approximately relativistic one body 
equation to hyperfine structure are discussed and an alternate 
method is proposed. The relationship of the Foldy-Wouthuysen 
method to that of “large components” is also examined. 


* Now at The City College, New York City. 


ZA11. On the Lee Model. Karsum: TANAKA, Argonne 
National Laboratory.*—Lee' has treated some simple one- 
particle problems of interacting fields that are both renor- 
malizable and solvable in order to obtain some deeper insight 
as to the nature of the renormalization procedure without the 
use of perturbation method. One of the peculiar results of Lee 
is that the renormalized coupling constant cannot be realized 
by any limiting process if g, the unrenormalized constant, is 
restricted to be on the real axis. We have treated the two- 
particle state within Lee's formalism and obtained an integral 
equation that determines the binding energy of the two 
particles, if there are bound states. It is expressed in terms of 
the renormalized mass and coupling constant which were 
obtained from the one-particle state. It is shown that when the 
the integral 
equation for the binding energy involves divergent integrals. In 


upper limit in momentum space goes to infinity, 


other words, Lee's formalism for two particles is not free from 


divergent integrals. The reasons for this are given 


* Work done under the auspices of U. S. Atomic Energy Commission 


'T. D. Lee, Phys. Rev. 95, 1329 (1954 


ZA12. On Quantum Electrodynamics and the Mass Oper- 
ator. W. Wessex, U.S. Air Force Institute of Technology.—In 
a theory of the electron proposed by the author,’ quantization 
of ithe electromagnetic field is accomplished by the choice of 
infnite matrices in place of Dirac’s. The mass term is then of 
th¢ form? m=m(I,K)(J*+K*)*, where J and K are the 
inYariants of the momentum tensor and m(I,K) = my, sinh(T'K) 
with I = (3/2) (4c/e*) = 205.5566+0.0024. In a K-representa- 
tign the infinite matrices are represented by difference opera- 
togs,’ which makes the square root very unwieldy. It has been 
fond, that the nonlinear difference equation (1/24)[6(K +1) 
(K —4)]=K/@(K), which may be considered as the quan- 
tum analog of 4(/*+K*)!/aK =K/(I*+K*)', has a simple 
solution 6(K). With its substitution for (J?+X*)! the rest 
mass problem may be reduced to a difference equation with a 





periodic coefficient, that admits a closed solution for spin 4, if 
With 


- one finds one mass eigenvalue 


lr can be approximated by a rational multiple of x 
l= 649+ 100/7 = 205.54992 
m/m, at —1 and two complex conjugate ones close to +1 on 
the unit circle. The complex ones may be interpreted by the 
fact that quantization of the y-field has not yet 
complished. 


been ac- 


1W. Weasel and S. J. Cryzak, Phys. Rev 
*W. Wessel, Phys. Rev. 83, 1031 (1951 
*W. Wessel, Z. Naturforsch. 7a, 583 (1952 


91, 986 (1953). 


ZA13. Transformation Groups in Configuration Space.* 
InwIN GOLDBERG AND ALLEN JANIS, Syracuse LUnsversity.— 
The canonical type transformations in the Lagrangian formal- 
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ism! have been studied to determine whether the analogue of 
the Dirac bracket transformations? can be identified. The 
group theoretical commutators are used to construct the group 
of transformations in configuration space which has a 
normal subgroup the transformations generated by the 
constraints. The factor group of this subgroup has a one to one 
correspondence with the permissible generators. The ob- 
servables of the quantized theory are to be identified with the 
permissible generators. 
ad : enepeses by Office of Naval Research 


. Bergmann and R. Schiller, Phys. Rev. 
: P. Bergmann and I. Goldberg, Phys. Rev. 


89, 4 (1953). 
to be published). 


ZA14. Peierls’ Introduction of Canonical Transformations 
into the Lagrangian Formalism.* Peter G. BERGMANN, 
Syracuse University.—It will be shown that an approach due to 
Peierls' and one due to Bergmann and Schiller,? to define 
canonical transformations in the Lagrangian formalism, are 
equivalent, at least in the realm of theories considered by 
Peierls, in which the matrix of coefficients of the terms 
quadratic in the velocities is regular. The extension of the 
Lagrangian formalism to theories with singular matrix will be 
discussed in a separate abstract by Goldberg and Janis. Peierls 
has suggested quantization on the basis of so-called c-number 
variations. From the present discussion a different possibility 
emerges : To construct the group of permissible and interesting 
transformations in the c-number theory, to retain only those 
observables that generate these transformations, to determine 
the commutators group-theoretically, and for consistency to 
test that the proposed set of infinitesimal transformations 
forms indeed a group. Work designed to test the efficacy of this 
approach is now in progress. 

* Supported by Office of Naval Research. 


! Proc. Roy. Soc. (London) A214, 143 (1952). 
1 P. G. Bergmann and R. Schiller, Phys. Rev. 89, 4 (1953). 


ZA15. Expansion of Two-Dimensional Wave Fields in 
Powers of 1/9.* Harvey Ermnsinper, Technical Research 
Group.—lIf solutions of the two-dimensional wave equation 


y ete al . 
exist of the form — D 4,(@)o~", a recurrence relation con- 
awd 


necting successive coefficients is obtained formally by substi- 
tuting this series into the wave equation, namely: 


Bagi = (n +4). +o 


2tk(n+-1) 
This expansion is then derived by steepest descents from an 
integral representation of the solution from which it is shown 
that the series is asymptotic and cannot converge for more 
than a single value of @ regardless of the aperture field. This is 
in contrast to three-dimensional wave fields where such 
expansions are uniformally and absolutely convergent. How- 
ever, the total field in two dimensions is uniquely determined 
by the values of the far field by means of an integral repre- 
sentation. These results are illustrated by the cylindrical 
waves H,™ (ke). 


* This research was supported by the Air Force Cambridge Research 


Center. 
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SUPPLEMENTARY PROGRAMME 


SP1. Production of Electrostatic Charges by Rotation of a 
Permanent Magnet. OLreG Yaporr.*—A slender cylindrical 
magnetized rod, long in relation to its diameter, which rotates 
rapidly about its longitudinal axis, engenders thereby electro- 
static charges on its surface and produces in the surrounding 
medium a strong electrostatic field. Conditions under which 
this occurs have been determined experimentally. The direc- 
tion of rotation determines the sign of the electrostatic field. If 
two rods rotate in opposite directions, the fields obtained have 
opposing directions: (+) and (—). The two rods then undergo 
mutual attraction, under Coulomb's law, which provides also 
for the converse, namely that like fields are mutually repellent. 
The complexity of the electromagnetic processes involved in 
the occurrences both within and around the rod is such that no 
definite conclusion has as yet been possible. Nevertheless, 
these observations tend to support the hypothesis, put forward 
by the author some time ago, that in general so-called electro- 
static fields should be considered as but one aspect of the basic 
electromagnetic phenomenon 


* To be called for at the end of Session KA if the Chairman rules that time 
permits. 


SP2. An Energy Control for External Cyclotron Beams.* 
G. SCHRANK, Princeton University."—In order to eliminate the 
uncertainty in energy of the external 18-Mev proton beam 
from Princeton’s FM cyclotron without the manufacture of 
large steering magnets, a device was constructed which 
stabilizes the mean energy of the beam to better than 0.1 
percent. The device looks at the end of the range of a sample 
of protons which are elastically scattered from a very thin 
intercepting foil. This group of scattered protons is allowed to 
spend most of its range in aluminum and then enters and stops 
in an argon filled parallel-plate ionization chamber. By a 
double electrode arrangement which collects the ions produced 
at the end of the range, the mean energy of these protons is 





determined, and by feeding the difference signal from these 

two collectors back into the cyclotron magnet-current control, 

the energy is automatically stabilized. Better than 0.1 percent 

control can be achieved with as few as 500 protons entering the 

ion chamber per second. 

. . oe supported by the Atomic Energy Commission and The Higgins 
unc 


\ To be called for at the end of Session T if the Chairman rules that time 
permits 


SP3. Physical Significance of the Three Quantum Numbers. 
Gertrupe T. SCHWARZMANN.*—The stationary orbits de- 
scribed by the satellite electrons are eccentric circular, earthial 
orbits. Upon the motion therein is imposed the quantum 
condition 2r,pi=2n-\ as prerequisite to the fulfillment of the 
particular law of conservation of orbital angular momentum 
imposed upon the interaction between electrons and photons; 
this law explains the origin of the always positive, multivalued 
spin-quantum number: “The fraction of the spin component 
transformed in the transition orbit into a second revolutional 
component increases if emitting electron and emitted photon 
revolve in opposite senses; it decreases if they revolve in the 
same sense, by the magnitude of the orbital angular momentum 
of the photon,” which revolves about the nucleus in a circular 
orbit, its radius the perihelion value &-r,/2n (k=1, 2, - ++) of 
the radius vector of the electron in its particular mth orbit. 
Computation shows that the electrons describing transition 
orbits with perihelion value k-r,/2n emit the corresponding 
lines of the mth series as (k—1)st harmonics. When energy 
from without is added to hydrogen atoms in the normal state, 
the emission of the Lyman and Balmer series tells that the 
emitting electrons have described the transition orbits lead- 
ing to the first and second orbit, respectively. 


* To be called for at the end of Session VA if the Chairman rules that time 
permits 
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